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Alissa J. Brown: The occurrence of conspecific negative density dependence in temperate forest trees 
varies by species, plant traits, and environmental context 
(Under the direction of Robert Peet and Peter White) 
The maintenance of tree diversity has been explained by multiple mechanisms. One of the most 
deeply studied is conspecific negative density dependence (CNDD), where specialist plant enemies 
reduce survivorship of seeds, seedlings, or saplings located in close proximity to adult conspecifics. 
Although there is much evidence that CNDD occurs in temperate forests, only a subset of the species 
investigated thus far have been shown to exhibit this recruitment pattern. It remains unclear what 
drives differential susceptibility to conspecifics among tree species. 
Previous investigators have considered shade tolerance and mycorrhizal type (arbuscular 
mycorrhizal vs. ectomycorrhizal association) as two traits that might explain differential susceptibility to 
CNDD. In Chapter 2, I tested whether these two plant traits predict susceptibility of tree saplings to 
conspecific negative density dependence in a temperate hardwood forest using three responses: spatial 
point patterns of saplings, sapling growth, and sapling survival. Spatial patterns of saplings indicated that 
shade tolerant species are less sensitive to conspecifics than shade intolerant species, but showed no 
differences based on mycorrhizal type. Conversely, shade tolerant saplings exhibited reduced growth 
when located in areas with high conspecific density compared to heterospecific density. I interpreted 
this finding in light of the conservative functional strategies of shade tolerant species, which typically 
have low leaf nitrogen levels and slower growth which allows diversion of resources to tissue defense 
against enemies. Unlike the results from the point pattern analysis, I found a marginally significant effect 
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of mycorrhizal type interacting with adult conspecific density, where arbuscular mycorrhizal species 
showed a greater reduction in growth than ectomycorrhizal species in areas dense with conspecifics. 
While soil pathogens respond to the presence and density of the tree species they infect, they 
simultaneously respond to their abiotic environment. Light, soil moisture, and soil nutrient resources 
can all influence densities and activities of soil pathogens, as well as seedling and sapling carbon 
balance, and thus tissue defense. Consequently, I expected small-scale variation in the abiotic 
environment to influence the direction or magnitude of CNDD, although this expectation has thus far 
received little attention. For Chapter 3, I combined stem data with soil nutrient measurements taken 
from a mapped forest plot in a mature oak-hickory forest to evaluate whether light or soil resources 
interact with conspecific density and thereby modulate CNDD. I used mixed modeling to test for the 
interaction between conspecific basal area within a sapling's neighborhood and each of four 
environmental covariates: elevation, extent of canopy gaps, soil organic matter, and soil cations. I also 
modeled responses to heterospecific basal area because the difference between conspecific and 
heterospecific effects are a measure of the strength of CNDD. I suspected that CNDD would vary with 
scale and, thus, analyzed responses at four spatial scales using radii of 5, 10, 15, and 20m around each 
sapling to compute basal area. I found that increasing local conspecific and heterospecific basal areas 
reduced sapling growth at all spatial scales, and that the conspecific basal area more consistently 
reduced sapling growth than did heterospecific basal area. I found interactions between heterospecific 
basal area and all four environmental covariates, as well as an interaction of conspecific basal area with 
canopy gaps at the 10m scale and soil cations at the 15m scale. 
In Chapter 4, I evaluated whether susceptibility to CNDD varies with the environmental context 
generally (across all tree species) or intraspecifically. Using hardwood and mixed hardwood forest plots 
across North and South Carolina (USA), I combined plot-level stem counts of saplings and adult trees 
with a soil fertility measure, topographic measures, and elevation. I constructed negative binomial 
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hierarchical models and used a Bayesian approach to estimate model parameters. I found that 
environmental modification of the direction or magnitude of conspecific density dependence does not 
occur generally, but rather varies by species. I found that 17 species (out of a total of 50), have 
differential susceptibility to conspecifics that varies with the environmental context. Of the six 
environmental predictors, soil fertility and elevation emerged as influencing conspecific sensitivity most 
frequently across species. I found little evidence that topography or soil texture modifies sensitivity to 
conspecifics.  
In summary, I found that the shade tolerance level and the mycorrhizal type of temperate forest 
saplings may influence how their growth and survival respond to the adult conspecific trees in their 
neighborhoods. I also found that tree basal area interacts with environmental conditions to influence 
sapling growth. More specifically, I found that small-scale environmental conditions interact with CNDD 
to modulate sapling growth. Using a regional-scale dataset, I found intraspecific variation in conspecific 
density dependence. This study is the first to our knowledge that explicitly tests differential 
susceptibility to conspecific negative density dependence that is modulated by the environment. 
Overall, our results imply that mechanisms resulting in diversity maintenance are more complex than 
has traditionally been appreciated. Future work in this field must use experimental approaches to 
uncover the mechanisms that lead to these nuanced recruitment patterns before we can fully 
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CHAPTER 1: INTRODUCTION 
Ecological conditions and processes vary across space at small and large scales, and thus 
patterns that emerge across these scales are critical to understand when crafting and testing ecological 
hypotheses. For example, demographic processes can vary across environmental gradients (Leathwick & 
Austin, 2001). More specifically with respect to tree recruitment, seed germination and growth and 
survival rates of seedlings and saplings all respond to their local neighborhoods (scales of <20m), and 
the environmental heterogeneity common in natural forests means that these local conditions shift over 
space. Important neighborhood conditions include both abiotic (e.g., soil nutrient levels, light 
interception, soil moisture) and biotic variables (e.g., tree density, soil pathogens, herbivore activity). 
The neighborhood-scale context in which young trees develop affects understory tree composition and 
structure (Quero, Herrero, & Zamora, 2011); and after decades of continued exposure to these 
conditions, affects mid-story and canopy tree composition (Latham, 1992). Over the timespan it takes 
for secondary succession to lead to equilibrium conditions, these local-scale processes influence a forest 
stand’s demography in critical ways. Consequently, ecologists continue to study local spatial patterns of 
tree recruitment to better predict the composition and structure of forest stands in the future (Shifley et 
al., 2017). 
Studies of density-dependent recruitment have contributed a great deal to our current 
understanding of forest dynamics. Trees require resources that are limited across the forest stand, such 
as light (via space limitation), soil nutrients, and water. Within the forest stand, co-existing tree species 
may vary in their abilities to access those resources before their neighbors do, leading to spatial 
variation in the outcome of interspecific competition (Balandier, Collet, Miller, Reynolds, & Zedaker, 
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2006; Canham, LePage, & Coates, 2004). It is also possible for species to experience stronger 
intraspecific than interspecific competition for resources, which can lead to conspecific negative density 
dependent (CNDD) recruitment (He & Duncan, 2000). CNDD has been a critical component in how we 
understand tree demography and recruitment (Blundell & Peart, 2004; Liang et al., 2016), relative 
abundance (LaManna, Walton, Turner, & Myers, 2016; Mack & Bever, 2014; Mangan, Schnitzer, et al., 
2010; Xu, Wang, & Yu, 2015), diversity (Bagchi et al., 2014; Benítez, Hersh, Vilgalys, & Clark, 2013), and 
forest structure (Klironomos, 2002; Kuang et al., 2017). 
Although the competitive ability of neighboring trees remains an important consideration in 
understanding variation in tree recruitment patterns, recent studies have suggested a factor that may 
describe even more of the variation: the spatial relationship between neighboring trees and the plant 
enemies that they attract and harbor (James D Bever, 2003; Liang et al., 2016; Mangan, Herre, Bever, 
Mangan, & James, 2010). Janzen (Janzen, 1970) and Connell (Connell, 1971) independently developed a 
hypothesis that specialist plant enemies cause low survival rates of nearby conspecific seeds and 
seedlings. The hypothesis goes further to predict that these “openings” around established trees lacking 
in conspecific recruits are open ground for heterospecific recruitment, thereby encouraging spatial 
mixing of species and overall diversity maintenance in forests (Bagchi et al., 2014). In other words, while 
a tree neighbor is extracting the same resources needed for a young tree, what may be more crucial for 
determining seedling or sapling growth and survival is the identity of that neighbor, and therefore the 
specific types of herbivores and soil pathogens attracted to that local area.  
The Janzen-Connell hypothesis emerged from tropical forest research within latitudes known to 
contain many specialist plant enemies (Connell, 1971; Janzen, 1970). But it has more recently become 
clear that this spatial process of recruitment is an important consideration in temperate forests. 
Although temperate forests may contain fewer specialist enemies, studies have found that co-infection 
by specific generalist pathogens, or interspecific variation in tree response to a generalist pathogen, can 
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lead to the same spatial patterns of recruitment driven by specialist herbivores and pathogens in 
tropical forests (Benítez et al., 2013; Hersh, Vilgalys, & Clark, 2012).  
CNDD is detectable using multiple statistical approaches and response measures. First, using 
data from a single sampling season, we can use as a response variable the density of seedlings/saplings, 
while using as predictors conspecific and heterospecific adult densities. We expect CNDD to lead to low 
densities of young stems when conspecific adult density is high in the local neighborhood (<20m) 
(Johnson et al., 2014). Second, CNDD may reveal itself as spatial “avoidance” of established adult trees 
by conspecific saplings. Studies may use static “snapshots” of mapped forest plots, measuring distances 
between stems to quantify the level of aggregation or over-dispersion using an approach called Spatial 
Point Pattern Analysis (Johnson et al., 2014; Ramage et al., 2017). Third, studies may use re-sampling 
techniques of mapped forest plots to track individuals over time, using seedling or sapling growth or 
survival as a response variable (Piao, Comita, Jin, & Kim, 2013; Ramage et al., 2017). While the first two 
approaches are generally constricted to observational research, the third approach can be used in 
experimental work (e.g., Liu, Etienne, Liang, Wang, & Yu, 2015; McCarthy-Neumann & Ibanez, 2013).  
Ideally, CNDD studies use more direct measures of stem responses (i.e., growth and survival) to 
more accurately address the way in which CNDD manifests itself. Static “snapshots” of a single survey or 
sampling season are further removed from the CNDD process per se because of the variety of 
parameters that could potentially influence stem densities and spatial patterns. For example, studies 
detecting CNDD as low densities of seedlings surrounding adult conspecifics might ignore the influence 
of seed dispersal limitation, post-dispersal granivory, forest succession dynamics, or other long-term 
dynamic processes (e.g., mesophication). When possible, it is ideal to use multiple measures of CNDD, 
compare the results, and if discrepancies arise, hypothesize as to what statistical or ecological factors 
may have caused the differences to arise. However, single-observation studies can be useful in 
evaluating recruitment patterns across large geographic regions and using dozens of species. Large 
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forestry data sets exist that can support these analyses, although generally they are not re-sampled over 
time and thus do not provide a dynamic view of recruitment. Nonetheless, they can contribute 
important knowledge to the field with their ability to look for large-scale patterns and to look for 
interspecific patterns for a wide variety of species.  
Although CNDD appears to be a common process across temperate forests, when studies look at 
species-specific patterns of CNDD, we never see this recruitment pattern consistent across all species 
observed. For example, across several such species-specific studies of tree recruitment, researchers 
have found between 24% and 73% of species observed exhibit CNDD (Johnson et al., 2014; Kuang et al., 
2017; Kuninaga, Hirayama, & Sakimoto, 2015; Martínez, González Taboada, Wiegand, & Obeso, 2013; 
Piao et al., 2013; Uriarte, Condit, Canham, & Hubbell, 2004). Some have taken a plant trait approach to 
better understand why some species show evidence of CNDD and others do not. Certain plant traits are 
thought to be correlated with life history strategies of tissue defense. Traits such as high wood density, 
high leaf toughness, ectomychorrizal association (as opposed to arbuscular mycorrhizal association), and 
high seed mass may be related to high tissue defense (Bennett et al., 2017; Kitajima & Poorter, 2010; 
Kobe & Vriesendorp, 2011; Lebrija-Trejos, Reich, Hernández, & Wright, 2016; Philipson et al., 2014).  
A life history strategy commonly used to approximate tissue defense is shade tolerance, which is 
a “high-level” trait that is actually a conglomerate of multiple lower-level plant traits; species with high 
tolerance for shade often have higher wood density and greater secondary metabolite production, 
allowing them to survive better in shaded understories of closed-canopy forests (Comita & Hubbell, 
2009; Kobe & Vriesendorp, 2011; Sarah McCarthy-Neumann & Ibanez, 2013). Indeed, shaded 
understories typically have higher levels of soil moisture, which encourages soil pathogen abundance 
and virulence (Martin & Loper, 1999; Velásquez, Castroverde, & He, 2018). 
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Mycorrhizal status is another plant trait that studies have used to predict interspecific 
susceptibility to CNDD (Bennett et al., 2017). Ectomycorrhizal association often leads to greater 
acquisition of soil moisture and nutrients (Laliberté et al., 2015), allowing recruits to better compete for 
resources compared to stems associated with arbuscular mycorrhizae. Additionally, ectomycorrhizae 
may protect tree roots from pathogen infection more effectively than arbuscular mycorrhizae, thereby 
reducing the effects of soil pathogens on recruit growth and survival (Laliberté et al., 2015).  
While a plant trait-focused approach to understand variation in tree susceptibility to CNDD has 
proven encouraging, what remains to be clarified are the inconsistencies in cross-study comparison of 
interspecific susceptibility to CNDD. Cross-study comparison is challenging because across studies, often 
the species of interest, ontogeny of stems, experimental vs. observational approaches, and response 
variables differ. When comparing interspecific patterns, no species consistently show evidence of CNDD 
across all studies. There are some species that consistently show either CNDD or random recruitment 
(i.e., that never show aggregated recruitment), including Carya glabra, Carya ovata, Quercus alba, 
Quercus velutina, and Prunus serotina (Comita et al., 2014a; LaManna et al., 2016; Sarah McCarthy-
Neumann & Ibanez, 2013; Ramage et al., 2017; K. Zhu, Woodall, Monteiro, & Clark, 2015). Otherwise, 
the direction and magnitude of conspecific density dependence within a species varies from study to 
study. This observation is inconsistent with findings that plant traits can predict CNDD susceptibility, 
considering many of these studies use plant traits at the species level (i.e., not considering plasticity in 
plant traits within species). For example, if shade tolerance predicts CNDD susceptibility, shade 
intolerant species should always show higher magnitudes in CNDD than shade tolerant species. 
Why would a tree species show patterns of CNDD in one study, but not another? One possibility 
is that variation in the small- (stand-level) or large- (regional-level) scale environmental context modifies 
plant enemy densities or activity, thereby enhancing or reducing the magnitude of CNDD. This could 
explain why a select few species often show CNDD – perhaps those whose life history strategies are 
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tightly connected to fast growth (e.g., for early successional species) – while most species only 
sometimes show CNDD – depending on whether the local or regional climate or environment 
encourages or reduces enemy activity. Still another group of species may rarely, if ever, show evidence 
of CNDD regardless of the environmental context, perhaps because their life history strategies are highly 
correlated with tissue defense (e.g., for understory species). These conjectures have not yet been 
thoroughly tested.  
There is a paucity of work connecting soil pathogen dynamics with the environment and the 
resulting influence on patterns of CNDD. However, a rich body of literature speaks to the connection 
between environmental context and soil pathogen activity (e.g., Álvarez-Loayza et al., 2011; Florianová 
& Münzbergová, 2018; Martin & Loper, 1999; Reinhart, Royo, Kageyama, & Clay, 2010; Reynolds, 
Packer, Bever, & Clay, 2003; Velásquez et al., 2018). Considering the importance of these patterns on 
critical human-focused activities, we primarily see this work focused on agricultural systems, or more 
broadly on grassland and herbaceous plant communities. What is known about these systems may 
provide insight into how soil pathogen dynamics influence natural forest systems. For example, soil 
pathogens may become more virulent or increase in density when soil moisture is high (Martin & Loper, 
1999; Velásquez et al., 2018). When extending this observation into forest systems, we may expect that 
heterogeneity in soil moisture levels across a forest stand would lead to small-scale variation in the 
magnitude of CNDD (LaManna et al., 2016). Similarly, we may expect medium- or large-scale patterns of 
more extreme CNDD in areas that have a lot of upslope area providing ample water runoff or that 
receive more precipitation. However, thus far no one has addressed this hypothesis in natural forest 
systems.  
Along with soil moisture, soil nutrient resource availability may influence plant enemy activity, 
albeit indirectly. Trees receiving greater nutrient resources may allocate more nitrogen to 
photosynthetic machinery than to secondary metabolism (i.e., tissue defense) (D. A. Herms & Mattson, 
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1992). Leaves with fewer chemical or structural defenses are easier for herbivores to consume (Hanley, 
Lamont, Fairbanks, & Rafferty, 2007; Hay, Kappel, & Fenical, 1994). As a result, areas with greater soil 
nutrient availability may experience greater herbivory, and thus enhanced patterns of CNDD (LaManna, 
Walton, Turner, & Myers, 2016). LaManna and others tested this idea using a soil nutrient resource 
gradient in a natural forest system, and as hypothesized, observed a greater magnitude of CNDD as soil 
nutrient resources increased. This is the only study to our knowledge that has addressed this hypothesis 
in the context of forest tree recruitment. Further research is needed to accumulate evidence that can 
establish this as a robust pattern in temperate forests. 
Dissertation research objectives 
My dissertation focuses on patterns of CNDD in natural temperate forests in the southeastern 
United States. In particular, I focused on filling the knowledge gaps that exist in CNDD literature, 
including: the ability of species-level plant traits to predict CNDD susceptibility, and whether results vary 
based on the statistical approach used (Chapter 2); whether local-scale variations in environmental 
conditions cause intraspecific variation in CNDD susceptibility (Chapters 3 and 4); and whether 
environmental conditions influence the magnitude or direction of conspecific density dependence or 
intraspecific variation in conspecific density dependence for a large number of temperate forest species 
(Chapter 4).   
In Chapter 2, I evaluated whether patterns of CNDD are predictable based on two key plant 
traits, shade tolerance and mycorrhizal type (ectomycorrhizal vs. arbuscular mycorrhizal). I used six 
mapped forest plots in Duke Forest and the North Carolina Botanical Garden (Orange County, North 
Carolina, U.S.) to measure distances between stems of conspecific and heterospecific saplings and 
adults, looking for patterns of conspecific avoidance. I used both a static approach using spatial point 
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pattern analysis, as well as a dynamic approach using re-surveys and constructing linear mixed models 
with sapling growth and survival as the response measure.  
In Chapter 3, I used a 6-ha mapped forest plot in Duke Forest to determine whether patterns of 
CNDD vary across small-scale variations in light and soil resources. I used soil nutrient and texture 
measures that served as proxies for light and soil resources, including a measure of the level of canopy 
gaps, soil organic matter, soil cation levels, and elevation. These measures enabled me to test whether 
the light or soil nutrient resource levels modify patterns of CNDD on the forest-stand scale. 
In Chapter 4, I used vegetation plot data from across the Carolinas extracted from the Carolina 
Vegetation Survey database, which spans the southeastern U.S., to test whether environmental 
conditions modulate the intraspecific magnitude and direction of conspecific density dependence using 
40 different species. I extracted hardwood and mixed conifer-hardwood forest plots from the database, 
which resulted in a total of about 2,400 plots across North and South Carolina. I combined plot-level 
stem counts with plot-level topographic measures, soil nutrient resource measure, and elevation. 
Observing intraspecific CNDD indicated that the occurrence of CNDD depends not only on the 
environmental context, but also on the focal species and how that species responds to the environment.  
In Chapter 5, I pooled the results of my dissertation work by explaining the significance of my 
findings within the context of the current literature on CNDD. Additionally, I provided suggestions for 
further avenues of research to fill the gaps in knowledge that remain in this field of inquiry. 
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CHAPTER 2: SHADE TOLERANCE AND MYCORRHIZAL TYPE MAY INFLUENCE SAPLING SUSCEPTIBILITY 
TO CONSPECIFIC NEGATIVE DENSITY DEPENDENCE 
Introduction 
One of the many challenges in ecology is understanding how biodiversity is maintained in 
ecosystems. Hypotheses explaining species coexistence consider how species perform differently under 
various abiotic and biotic drivers such as environmental variation (Tredennick, Adler, & Adler, 2017), 
predation (Van Allen, Rasmussen, Dibble, Clay, & Rudolf, 2017), disease susceptibility (Bever, Mangan, 
and Alexander 2015), and spatially or temporally heterogeneous resources (Chesson, 2000). Tropical 
forests have been the focus of many studies on tree coexistence due to the impressively high small-scale 
biodiversity of these ecosystems. Indeed, from these forests emerged the Janzen-Connell hypothesis 
(JCH), which predicts increased mortality of trees at early life stages when located in close proximity to 
conspecific adults due to greater pressure from specialist pathogens and predators (Connell, 1971; 
Janzen, 1970). Similarly, greater intraspecific versus interspecific competition may lead to spatial over-
dispersion (avoidance) of conspecifics by early tree life stages (Tilman David, 1994). These patterns of 
conspecific negative density dependence (CNDD) leads to spatial mixing of species, and thereby the 
maintenance of biodiversity.  
Relative to tropical forests, tree diversity in temperate forests has received less attention. 
Although the magnitude of CNDD may be less at higher latitudes (LaManna et al. 2016), the prevalence 
of CNDD among species in tropical versus temperate forests is likely similar (Hille Ris Lambers, Clark, & 
Beckage, 2002). Observational and experimental studies have revealed evidence of CNDD in temperate 
forests (Hersh, Vilgalys, and Clark 2012; Lan et al. 2012; Johnson et al. 2014; K. Zhu et al. 2015; Bennett 
et al.2017). These temperate studies measured survival, growth, or spatial patterns of seedlings with 
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respect to their biotic neighborhood (i.e., the identity and density of trees surrounding them). If 
seedlings experience higher mortality, reduced growth, or spatial over-dispersion when local conspecific 
density is high, CNDD may be an important process for limiting population growth of species, preventing 
monodominance, and contributing to the maintenance of diversity (Connell, 1971; Janzen, 1970). 
Although there is strong evidence of CNDD within temperate forest plots, not all species within 
a particular study show patterns of CNDD (e.g., Johnson et al. 2014; Kuang et al. 2017). It is unclear why 
certain species appear more susceptible to CNDD than others and whether these patterns of 
susceptibility are predictable (Bennett et al., 2017). Because these studies have taken place in multiple 
regions, many of the tree species do not overlap between studies, thereby making comparison difficult. 
By taking a plant trait approach, studies of CNDD across multiple species may allow for cross-study 
comparison of results, even when individual species differ among studies. Furthermore, this approach 
permits investigation of mechanisms potentially responsible for patterns of CNDD susceptibility in that 
plant traits can indicate physiological differences among species that are related to competitive abilities 
or tissue defense against enemies (Zhu et al. 2018). 
CNDD literature is beginning to take a trait-based approach to understand plant susceptibility to 
enemies. In general, we expect species that are less susceptible to CNDD are those that experience 
greater interspecific than intraspecific competition or that allocate more energy to tissue defense 
against pathogens and herbivores (Coley and Barone 1996; McCarthy-Neumann and Ibáñez 2013; 
García-Guzmán and Heil 2014). Certain plant traits are correlated with competitive abilities or tissue 
defense strategy (Kitajima & Poorter, 2010) and consequently have become useful tools with which to 
test hypotheses about CNDD susceptibility. CNDD studies have primarily considered two such plant 
traits: shade tolerance and mycorrhizal association type. Slow-growing, shade tolerant tree species are 
thought to be more competitive in closed-canopy forests and better protected against pathogens – and 
thus less susceptible to CNDD – than fast-growing, early successional species and gap specialists, which 
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may experience greater resource competition (Kunstler et al., 2016) or pathogen infection (Kobe and 
Vriesendorp 2011; McCarthy-Neumann and Ibáñez 2013). We also expect tree species associating with 
ectomycorrhizae (ECM) rather than arbuscular mycorrhizae (AM) to be less susceptible to pathogens 
because ECM tend to provide greater soil resource acquisition and a greater protective barrier against 
pathogens than AM (Bennett et al., 2017; Laliberté et al., 2015). While evidence of the importance of 
shade tolerance and mycorrhizal type as predictors of CNDD susceptibility is mounting, to our 
knowledge no study has yet considered these plant traits simultaneously.  
Given the uncertainty of why some temperate tree species are more susceptible to CNDD than 
others, we pose the following questions: Are 1) sapling spatial patterns, 2) survival, or 3) growth rate 
consistent with patterns of CNDD, and 4) do shade tolerance or mycorrhizal type explain susceptibility to 
CNDD? 
To address these questions, we used two approaches that incorporate the traits of shade 
tolerance and mycorrhizal type and the density of conspecific and heterospecific neighbors of saplings. 
First, we evaluated spatial patterns of saplings with respect to their biotic neighborhood using spatial 
point pattern analysis (PPA). Second, we modeled sapling survival and growth rates using mixed effects 
modeling. The PPA provides a snapshot of sapling locations at one time point. The growth and survival 
models directly estimate growth rate and survival probability of saplings over a 7-8 year time period. 
Materials and Methods 
Stem data were collected from vegetation plots located on lands of Duke Forest and the North 
Carolina Botanical Garden (Durham and Orange Counties, North Carolina, USA) and originally 
established for the North Carolina Piedmont Forest Long Term Research in Environmental Biology 
Project (http://labs.bio.unc.edu/Peet/PEL/df.htm). Duke Forest includes 2,860 hectares managed by 
Duke University for research, education, and recreation (Lynch, 2006). Much of the land between former 
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farmsteads had been left unlogged for more than a century when the Forest was established in 1931 
and had never been clearcut. Within Duke Forest, we selected only mixed hardwood plots that have 
been left unmanaged since the Forest was established. The forested tract sampled on Botanical Garden 
land was never clearcut and has remained unmanaged since it was donated to the University of North 
Carolina in 1894 (White, Busing, & Lark, 1992). The mixed hardwood plots in both forests vary in size 
and stem density (Appendix A, Table A.1).  
Field crews recorded stem location, growth, and survival at each plot. Each tree stem at least 
1cm in diameter at breast height (DBH, but a 2cm DBH for plot 97 in 1990) was mapped to the nearest 
0.1m within each plot, with species identity, DBH, and spatial coordinates recorded. During resurveys, 
stems recorded from the previous survey were located, re-measured, and assigned a condition code 
(indicating whether the stem was alive, damaged, dead, or missing). We used one survey for the point 
pattern analysis (c. 1990) and two surveys for the growth and survival analyses (c. 1990 and 1998). We 
avoided more recent time periods during which elevated deer browsing reduced understory recruitment 
in the plots. We determined that the effects of elevated deer browsing were not important in small 
sapling survival rates until the late-1990s based on the proportion of small saplings (<10mm DBH) that 
survived across time within mapped forest plots. For the current study, the stems we use as our sample 
unit are large saplings (at least 1-2cm DBH) for surveys occurring at or before 1998, and thus are likely to 
have established before deer browsing started having a major impact on the forests.  
Data preparation 
We incorporated the effect of two plant traits (shade tolerance and mycorrhizal type) in both 
point pattern analysis and mixed effects models. Shade tolerance measures were extracted from 
Niinemets and Valladares (2006), a study that generated a shade tolerance scale for hundreds of tree 
species across the Northern Hemisphere (Table 2.1). Mycorrhizal type is a categorical variable with two 
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levels, representing whether a tree species primarily associates with ectomycorrhizal fungi (ECM) or 
arbuscular mycorrhizal fungi (AM). We extracted mycorrhizal type from Wang and Qiu (2006), a review 
paper that concatenated the mycorrhizal associations of thousands of plant species (Table 2.1). If the 
mycorrhizal type of a species from our study plot was not listed in Wang and Qiu, we used the 
mycorrhizal type of its genus or family from either Wang and Qiu (2006) or Brundrett (2009). 
Spatial distributions of saplings: point pattern analysis 
Point pattern analysis is a relatively data-intensive analysis, often requiring at least 100 stems in 
each group (e.g., sapling vs. adult) for each species. To maximize the number of species we could 
analyze, we created size classes based on the stratum within which each species is found on our plots. 
Different tree species have different average heights, as is evident when observing that certain species 
are only found in forest understories, while others contribute to canopy cover. To account for these 
differences in what is considered a young vs. established stem among species, we first segregated tree 
species into groups (understory, mid-story, and canopy) based on their average heights within the 
mapped forest plots. Then we determined size class designation (i.e., sapling vs. adult) separately for 
each group to allow for maximum representation of each species within each size class (Table 2.1) 
(LaManna et al., 2016; Piao, Chun, Yang, & Cheon, 2014).  
We evaluated the spatial locations of sapling stems with respect to adult conspecifics and 
heterospecifics. Spatial patterns of saplings with respect to conspecific adults can indicate biotic filters 
experienced by earlier life stages of trees (i.e., seeds and seedlings). We performed spatial point pattern 
analysis (PPA), a statistical approach that allows us to make inferences about distances between stems 
of multiple types (e.g., between stems of different species or size classes) (Law et al., 2009). Spatial over-
dispersion would indicate that CNDD may be an important filter for seeds and seedlings. Furthermore, 
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we separated species by shade tolerance and mycorrhizal type to evaluate whether these life history 
strategies influence seed/seedling susceptibility to CNDD.  
To determine whether the locations of saplings with respect to adult conspecifics was more 
aggregated (indicating clustering) or dispersed (indicating avoidance) than expected under the null 
hypothesis, we used the L-function statistic (a variance-stabilized version of Ripley's K-function): 





where K(t) and L(t) represent Ripley's K-function and its variance-stabilized L-function, respectively. t is 
the observation area (the radius around the focal sapling), λ is the average density of saplings across the 
plot, dij is the Euclidean distance between the two saplings of interest, I is an indicator function that 
equals 1 when dij is less than t, and n is the total number of saplings (Baddeley, Rubak, & Turner, 2015). 
The null hypothesis we used is the “independence of types” hypothesis – while keeping 
locations of adult stems fixed, sapling stems were randomly shifted to another location within a 30m x 
30m square (Baddeley, Rubak, et al., 2015). If the null hypothesis is rejected, we would infer that the 
process driving sapling location is dependent on adult tree location. Because current sapling location is, 
in part, a product of mortality patterns of trees in earlier life stages (i.e., seeds and seedlings), rejecting 
the null model means that the survival of seeds or seedlings depends on the locations or densities of 
conspecific adults (consistent with CNDD). 
To account for any influence on saplings by neighboring heterospecific trees, we calculated the 
L-function between 1) saplings and heterospecific trees and 2) saplings and conspecific trees, and then 
we subtracted the heterospecific effect from the conspecific effect. This resulted in a composite statistic 
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that was interpreted as follows: if the statistic was significantly below zero, there is over-dispersion of 
saplings around conspecific trees after accounting for the presence of heterospecific trees; if the 
statistic was significantly above zero, we inferred that there was significant aggregation of saplings 
around conspecific trees after accounting for the presence of heterospecific trees (as used in Lutz et al. 
2014).  
Formal inference is possible by simulating the "independence of types" null hypothesis 
(Baddeley, Rubak, et al., 2015) and comparing the observed spatial pattern to that of a pointwise 
simulation envelope. We used a pointwise envelope (rather than global) so we could visually inspect 
spatial scales at which spatial patterns emerge, rather than using the envelope test as the final 
significance test. For species present on multiple plots, we used a replicated spatial point pattern 
approach (Baddeley, Turner, & Rubak, 2015) and accounted for multiple testing by using the Šidák 
correction (Abdi, 2007):  
𝛼𝑝𝑒𝑟 𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 = 1 − (1 − 𝛼)
1/𝑀 
where α is the alpha level for significance testing (0.05), αper comparison is the new (more conservative) 
alpha level used for each point pattern, and M is the number of plots being analyzed. Once we 
calculated the adjusted p-value, we calculated the number of simulations needed to create simulation 
envelopes equal to α = 0.05 (i.e., n simulations = 1 / (αper comparison – 1)). Accounting for multiple tests 
makes the analysis more conservative to avoid Type I errors. We only analyzed species that had at least 
50 adult and at least 100 sapling stems, leading to a total of 15 species analyzed using PPA (Table 2.1).  
In testing for significant spatial patterns at all scales of observation simultaneously, the levels of 
aggregation, randomness, or over-dispersion potentially observed at different spatial scales may 
average out and yield an overall pattern of spatial randomness, which would be neither helpful nor 
accurate. Thus, to test for significance of spatial patterns, we performed a maximum absolute deviation 
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(MAD) test for each of four spatial scales (2-5, 6-9, 10-13, and 14-17m) for each species using the 
simulated results of the envelope tests (Appendix A, Table A.2). The MAD test treats simulations from 
the envelope tests as realizations of the null hypothesis. We avoided testing the spatial scale below 2m, 
which is often unreliable due to low sample size. We selected spatial scales representing spatial extents 
at which others have tested for and found conspecific effects (e.g., Piao et al. 2013; Johnson et al. 2014; 
Liang et al. 2015). Testing multiple scales also allowed us to detect ecological processes that may 
emerge only at specific spatial intervals. Indeed, it is typical for spatial patterns to shift with scale in 
forest trees (Chen and Bradshaw 1999; Zhang et al. 2010).  
We did not expect a species to exhibit the same spatial pattern across all spatial scales of 
observation. Thus, we reported the significant spatial pattern that a species exhibits for at least one 
spatial scale, even if the species exhibited spatial randomness at all other spatial scales. Although some 
species exhibited a significant spatial pattern on one plot but randomness on another plot, we reported 
the significant spatial pattern because we used a replicated spatial point pattern approach that 
considered all plots simultaneously while accounting for multiple testing. Thus, if a spatial pattern 
emerged for a species, the test had already accounted for the spatial randomness of that species found 
on another plot. For species exhibiting both aggregation and over-dispersion across different plots, we 
reported those results separately and do not include them in visualization of results (this only occurred 
for one species, Acer rubrum). For all spatial analyses, we used the spatstat package in R (Baddeley & 
Turner, 2005; R Development Core Team, 2018). 
Sapling survival and growth: mixed effects modeling 
To determine the growth and survival response of tree saplings to established trees within their 
neighborhood, we separated stems into two size classes: saplings (<12.7cm DBH) and adult trees 
(≥12.7cm DBH; reflecting the size cutoff used to distinguish adult trees from younger recruits based on 
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the United States Forest Service’s Forest Inventory and Analysis database; http://www.fia.fs.fed. 
us/tools-data/). 
We further separated saplings into small (≤2.54cm DBH) and large saplings (>2.54cm and 
<12.7cm DBH), with the understanding that the youngest, smallest stems will likely respond to 
competitors and enemies differently than the more established, larger saplings (Comita & Hubbell, 
2009). We initially performed analyses separately for small and large saplings, but the results did not 
reveal important differences; therefore, we lumped all saplings (i.e., any stem <12.7cm DBH) together 
for final analysis.  
We evaluated sapling survival and growth with respect to neighborhood sapling and adult 
densities and evaluated whether those patterns were related to two traits: shade tolerance and 
mycorrhizal type. With a mixed effects modeling approach, we were able to account for plot-specific 
differences in sapling survival and growth by incorporating plot as a random effect (as a random slope) 
(Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Finally, we mean-center scaled (i.e., standardized) all 
predictor variables before model construction to make model coefficients comparable across predictors. 
We expected larger stems to have greater survival than smaller stems, so we included sapling 
stem diameter in all models. Additionally, we expected that heterogeneous canopy gaps typical of 
temperate hardwood forests would influence sapling survival and growth; however, we do not have 
direct measures of light availability. Thus, we used a proxy for light availability that estimates the 
locations and sizes of canopy gaps based on locations of large adult tree deaths. The other impetus to 
use tree deaths in this analysis is because during the survey period, the plots experienced very high wind 
speed due to Hurricane Fran in 1996; many of the plots had large adults that were uprooted or broken, 
creating canopy gaps.  
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To calculate the proxy for canopy gaps and thereby light availability, we located stems greater 
than 12.7cm DBH that died during our sampling period, then performed a smooth interpolation of their 
stem diameters across the mapped forest plot using the Smoothfun function of the spatstat package in 
R (Baddeley & Turner, 2005). The resulting raster contains a continuous surface of numeric values across 
the plots that represent the level of light availability due to canopy gaps. Larger tree deaths and 
clumped tree deaths lead to larger canopy gaps, and thus higher light availability. 
To account for sapling-sapling interactions, we included the density of conspecific and 
heterospecific saplings within 3m (for stems ≤2.54cm DBH) or 5m (for stems >2.54cm and <12.7cm DBH) 
of the focal sapling. We then determined neighborhood adult densities within 5m, 10m, 15m, and 20m 
of the focal sapling (Yan Zhu, Comita, Hubbell, & Ma, 2015). The unit of sapling density is stem count and 
that of adult density is basal area (in units of cm2 of area of cross-sections of trees at DBH). Many 
saplings located near the edge of the mapped forest plots are likely to have interactions with nearby 
trees located outside the plot boundary. This can compromise parameter estimates, causing bias at plot 
edges. To avoid these edge effects, we removed from analysis all saplings located within 20m of plot 
boundaries.  
To test whether shade tolerance and mycorrhizal type modify the CNDD effect, we constructed 
five models of increasing complexity: 1) sapling diameter, light availability, and the interaction between 
shade tolerance and mycorrhizal type (null model), 2) null model plus total sapling count and total adult 
basal area, 3) null model plus conspecific and heterospecific sapling count and conspecific and 
heterospecific adult basal area, 4) model #2 plus interactions between each biotic effect and each plant 
trait, and 5) model #3 plus interactions between each biotic effect and each plant trait (Table 2.2). We 
include the interaction between shade tolerance and mycorrhizal type in all models because we know 
there is a correlation between the two in our plots. 
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For each of the four models that include the biotic neighborhood predictors (i.e., all but the null 
model; Table 2.2), we looked at four different spatial scales by specifying the radius of the neighborhood 
around each focal sapling stem (5, 10, 15, and 20m) and constructed separate models for each. This 
approach allowed us to evaluate the role of spatial scale in CNDD effects (Webb, Gilbert, Donoghue, 
Ebb, & Ilbert, 2006). Therefore, we evaluated 17 different models (16 spatially scaled models, plus the 
non-spatial null model) to evaluate patterns in sapling growth and survival. We performed model 
selection separately for each of the four spatial scales. For statistical modeling we used the lme function 
in the R package lme4, and used the R package lmerTest, which uses the Satterthwaite’s method to 
calculate p-values for each predictor (Bates, Maechler, Bolker, & Walker, 2015; Kuznetsova, Brockhoff, & 
Christensen, 2017). We used the Akaike Information Criterion (AIC) to select the highest performing 
model (i.e., with the lowest AIC) for each spatial scale. 
After model selection, we evaluated the best-performing models for spatial autocorrelation by 
inspecting their variograms using the gstat package in R (E. J. Pebesma, 2004). This step is important 
because saplings located close to one another are more likely to have similar survival and growth rates 
simply because they are living under the same biotic and abiotic neighborhoods. If spatial 
autocorrelation occurs, this implies that pseudoreplication may cause inflated significance of predictors. 
Variograms revealed no evidence of spatial autocorrelation, so this effect is not discussed further. 
We interpreted significant effects of heterospecifics on saplings to be the result of competition. 
Similarly, if conspecifics and heterospecifics induce a similar effect on saplings, we assumed both reflect 
competition with neighbors, regardless of species identity. Thus, to detect CNDD, we must observe a 
difference between the conspecific effect and the heterospecific effect, which would be apparent as 
little to no overlap between their confidence intervals. 
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We constructed a separate series of models for the two response variables (growth and 
survival). For the survival response, we labelled each stem using a survival code of 0 or 1, indicating 
whether the sapling died or survived within the 8-year survey period. For the growth response, we used 
the growth rate over the 8-year survey period. Saplings with growth rates greater than 1cm/year were 
removed from the data due to likely measurement error. Stems with negative growth were adjusted to 
zero growth (0cm). 
Results 
Spatial point pattern analysis 
We found that of the 15 species tested, 4 (27%) exhibited conspecific avoidance, 3 (20%) 
randomness, and 7 (47%) conspecific aggregation for at least one spatial scale (Fig. 2.1; see Appendix A, 
Table A.2 for MAD test results for each plot, spatial scale, and species). One species, Acer rubrum, 
exhibited both conspecific avoidance and aggregation depending on the plot within which it was tested 
(see Appendix A, Table A.2 for plot- and species-specific graphical results of point pattern analysis). 
When visualizing sapling response to conspecifics based on their shade tolerance and 
mycorrhizal type, it appears that the most shade intolerant species exhibited spatial randomness or 
over-dispersion, and the most shade tolerant species exhibited spatial aggregation around conspecifics 
(Fig. 2.1). Mid-tolerant species exhibited spatial over-dispersion, aggregation, and randomness around 
conspecifics. The proportion of species exhibiting each spatial pattern was consistent between the 
mycorrhizal types: 30% and 25% revealed over-dispersion; 20% and 25% random; and 50% and 50% 




For the smallest spatial scales (5, 10m), the model that included conspecific vs. heterospecific 
effects, but no biotic interactions with traits, performed best. For the largest spatial scales (15, 20m), the 
most complex model including biotic interactions with traits performed best.  
All spatial scales revealed similar model coefficients and p-values for the main-effects. We found 
a positive effect of sapling diameter and a negative effect of light availability on sapling survival (Fig. 
2.2). Additionally, species associating with ECM showed higher survival than species associating with 
AM, and higher shade tolerance was correlated with lower survival. But again, the relationships 
between each plant trait and sapling survival do not interact with the biotic neighborhood, so they are 
not related to CNDD. Finally, we accounted for the interaction between shade tolerance and mycorrhizal 
type, knowing that the ECM-associated species on our study plots are typically more shade tolerant than 
the AM-associated species. Model results verified this relationship between the plant traits (Fig. 2.2). 
We found no significant difference of the effect on sapling survival between the conspecific vs. 
heterospecific sapling counts at all spatial scales. At small scales (5, 10m), we found a greater reduction 
in sapling survival with an increase in conspecific adult basal area (as compared to the heterospecific 
adult basal area; Fig. 2.2).  
At the 15m scale, we found one slight effect of the interaction between the biotic neighborhood 
and shade tolerance, where saplings with higher shade tolerances exhibit less reduction in survival with 
increasing conspecific adult basal area (as compared to heterospecific adult basal area; Fig. 2.2).  
Sapling growth rate 
For all spatial scales, the most complex model performed best, which included interactions 
between biotic effects and both plant traits. Thus, shade tolerance and mycorrhizal type interact with 
the density of neighboring adults to influence sapling growth rates. 
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All spatial scales revealed similar model coefficients and p-values for their main effects. We 
controlled for the effect of sapling diameter and light availability (via a proxy) on sapling growth and 
found a positive effect of both (Fig. 2.2). Similar to results of the survival model, we found that species 
associated with ECM showed higher growth rates than species associated with AM, and also that higher 
shade tolerance was correlated with lower growth rates. Finally, the interaction between shade 
tolerance and mycorrhizal type was significant, supporting our expectation that ECM-associated species 
on our study plots are more shade tolerant than AM-associated species (Fig. 2.2).  
We found a significant difference in sapling growth between the effects of neighboring 
conspecific and heterospecific sapling density. More specifically, sapling growth is negatively associated 
with conspecific sapling density.  
We evaluated the effect of conspecific and heterospecific adult density at four different spatial 
scales. We found sapling growth to be more negative as conspecific adult density increases (vs. 
heterospecific adult density) at all spatial scales (Fig. 2.3). We found a slight difference in the interaction 
of shade tolerance and neighborhood adult density between conspecific vs. heterospecific adults at the 
5m and 10m spatial scales (Fig. 2.3). As adult conspecific basal area increases, sapling growth rates 
decrease somewhat more rapidly for shade tolerant species at small scales. Finally, as adult conspecific 
basal area increases, sapling growth decreases more rapidly for AM-associated species than for ECM-
associated species at all spatial scales (Fig. 2.3). 
Discussion 
We evaluated whether evidence of CNDD occurs in a temperate forest and whether those 
patterns are predictable based on two traits: shade tolerance and mycorrhizal status. We found that the 
two traits of interest are related to CNDD susceptibility; however, this interpretation depends on the 
statistical approach and response variable. Our findings highlight the importance of plant traits because 
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of their relationship to the underlying physiological processes that lead to interspecific differences in 
competitive ability and tissue defense.  
Significant spatial "avoidance" of adult conspecifics by saplings implies that during earlier life 
stages (i.e., seed and seedling), individuals experienced a biotic filter that reduced survivorship of those 
located too close to established conspecifics. We found that 4 of the 15 (27%) species we analyzed 
exhibited patterns of conspecific avoidance. Other investigators have found CNDD patterns in temperate 
and tropical tree species using PPA; when analyzing multiple species, investigators found CNDD effects 
in anywhere between 24% and 73% of the species analyzed (Piao et al. 2013; Martίnez et al. 2013; 
Johnson et al. 2014; Kuninaga, Hirayama, and Sakimoto 2015; Kuang et al. 2017). Interestingly, there are 
no major differences in the prevalence of CNDD among species in tropical versus temperate forests 
(Hille Ris Lambers et al., 2002). However, others have found the magnitude of CNDD to be heightened at 
lower latitudes (Johnson et al. 2012; LaManna et al. 2016). This indicates that although ubiquitous 
across a wide range of forest types, CNDD may play a more important role in shaping tree recruitment 
patterns in lower latitudes.  
Cross-study comparison of interspecific susceptibility to CNDD is made difficult by the wide 
variation in experimental design, statistical approach, and life stage focus taken by investigators, as well 
as the problem of non-overlapping species across studies in different geographic regions. Although few 
patterns emerge, it does appear that the response of Acer rubrum and Fraxinus americana to 
conspecifics is variable and may depend on the environmental context (Johnson et al. 2012; McCarthy-
Neumann and Ibáñez 2013; ; Comita et al. 2014; LaManna et al. 2016; Ramage et al. 2017). This 
observation corroborates our finding that Acer rubrum showed different spatial patterns across our 
study plots. Consistent with our results, others have found Carya ovata to exhibit patterns of CNDD 
(Johnson et al. 2012; LaManna et al. 2016; Ramage et al. 2017). Interestingly, our result that Fagus 
grandifolia exhibits a positive response to conspecifics is unique among other studies, which have 
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instead found strong CNDD effects for this species (Johnson et al. 2012; Comita et al. 2014; Yan Zhu et 
al. 2015; Ramage et al. 2017). However, differences between our findings and those of others may be a 
result of the relatively small size of our plots and the limited geographic scope of our study area. Both of 
these characteristics of our study create limitations for generalizing our results. However, site-specific 
observations of CNDD, although inconsistent, remain important in furthering our understanding of 
differential CNDD susceptibility.  
We observed reduced sapling survival with increasing conspecific adult (but not sapling) density 
at small spatial scales (Fig. 2.2). For all spatial scales, we found an overall reduction in sapling growth as 
conspecific adult and sapling density increased (Fig. 2.3). These results imply that saplings respond more 
strongly to conspecific density via changes in growth and less so via reduced survival. Others have found 
survival to be an important response to neighboring conspecifics (Comita et al. 2010; Zhu et al. 2015; 
Liang et al. 2015; Liu et al. 2016). However, most CNDD literature focuses on the seedling stage, which 
may be more susceptible to enemies than saplings and thus more responsive to CNDD (Comita & 
Hubbell, 2009). Additionally, shifts in niches or tolerance to disturbance through ontogeny may result in 
differential responses of seedlings versus saplings (Wen, Fetcher, and Zimmerman 2008; Bertrand, 
Gégout, and Bontemps 2011). Norghauer and Newbery (2016) argue that reduced sapling growth rates – 
and therefore a lengthened time period to move between size classes – can alter demographic dynamics 
and forest structure. They found that this delay in stage class movement occurred due to the conspecific 
neighborhood. This finding implies that studies of CNDD in saplings may miss an important process if the 
focus is solely on sapling survival or static spatial patterns. If conspecifics do not induce mortality, but 
instead reduce growth rates for some species more so than others, this process could influence the 
structure of forest understories and eventually the composition of forest canopies (Norghauer & 
Newbery, 2016). 
Shade tolerance and CNDD 
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We found that shade tolerant saplings were more likely to exhibit patterns of aggregation 
around conspecifics whereas shade intolerant saplings revealed patterns of conspecific avoidance (Fig. 
2.1). This result implies that during earlier recruitment stages (e.g., seed or seedling), recruit survival 
may be higher near conspecifics for shade tolerant species than for shade intolerant species. This finding 
is compatible with our hypothesis that shade tolerance correlates with tree susceptibility to CNDD 
because it is a trait associated with physiological characteristics that determine competitive abilities in 
closed-canopy forests and that influence plant resistance to enemies. 
Others have identified shade intolerance as a trait that is correlated with high susceptibility of 
seedlings to CNDD. Using an experimental approach, McCarthy-Neumann and Ibáñez (2013) found that 
shade intolerant seedlings were more likely to exhibit negative plant-soil feedbacks in conspecific soil 
under low light than high light conditions, but this effect was not observed in shade tolerant seedlings. 
Corroborating the work of McCarthy and Ibáñez (2013), Godoy and others (2015) found that high leaf 
nitrogen levels predicted higher susceptibility of seedlings to CNDD; shade tolerant trees tend to carry 
less nitrogen in their leaves, a functional strategy that reduces attack from enemies. 
In contrast to our own findings based on static spatial patterns, we observed greater reduction 
in sapling growth with increasing conspecific density for shade tolerant species than for shade intolerant 
species (Fig. 2.3). While this finding seems to refute our hypothesis that shade tolerant species are 
better at withstanding pathogen pressure than shade intolerant species, it is notable that we did not 
find an important interaction between conspecific density and shade tolerance in terms of sapling 
survival. In the current study, sapling growth and survival do not respond in similar ways to 
neighborhood conspecifics. In fact, it makes sense that shade tolerant species, adapted to forest 
understories and higher pathogen densities, would respond to lower light availability and higher 
pathogen pressure by shunting photosynthates from growth to tissue defense. In this way, shade 
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tolerant saplings can adjust to areas with high pathogen pressure by becoming more resilient to 
infection (Blundell & Peart, 2001).  
Earlier life stages likely respond to competition and pathogen infection differently than at the 
sapling stage (Comita & Hubbell, 2009), which is the stage on which we focus our current study. Our 
findings imply that changes in how seedlings vs. saplings respond to high densities of conspecifics may 
differ between shade tolerant vs. intolerant species. In other words, we expect to see greater reduction 
in survival of shade intolerant (vs. tolerant) seedlings; subsequently, as those shade intolerant seedlings 
that survive the CNDD filter become saplings, we should see a reduced CNDD effect. However, for shade 
tolerant saplings, CNDD should reduce growth for stems located in close proximity to conspecifics, 
increasing the amount of time it takes for shade tolerant saplings to move to larger size classes. 
Mycorrhizal type and CNDD 
Association with ECM versus AM fungi did not appear to influence CNDD susceptibility using 
spatial patterns of saplings. Mycorrhizal type as a plant trait has not been thoroughly tested with respect 
to CNDD patterns; however, a recent study found a strong pattern of high CNDD susceptibility in AM-
associating tree species (Bennett et al., 2017). Using an experimental approach, Bennett and others 
found that ECM-associated tree seedlings growing in conspecific soil had higher percentage of 
mycorrhizal colonization on their roots and fewer root lesions from soil pathogens than AM-associated 
seedlings. These results support previous experimental work comparing the function of ECM versus AM 
fungi on tree roots, where ECM have been found to provide more protection from soil pathogens than 
AM (Laliberté et al., 2015). It is unclear why the results of the PPA do not support this body of work, 
although it is possible that it is due to the low number of ECM-associated species used in the current 
study. With just 4 ECM species (compared to 10 AM species), the low representation of ECM species 
may hinder our ability to find important mycorrhizal effects on CNDD patterns. Additionally, the 
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experimental quantification of CNDD in Bennett et al.'s (2017) work differed greatly from our 
observational PPA approach. Seed and seedling mortality may occur for a variety of reasons unrelated to 
spatial patterns, rendering the location of saplings more spatially random than we would expect under a 
CNDD-dominated survival filter. Thus, observational studies may struggle more than experimental 
studies to find a significant mycorrhizal influence on CNDD susceptibility. 
In contrast to our static spatial pattern results, we found an interaction between mycorrhizal 
type and the conspecific neighborhood of saplings in terms of growth – but not survival – of saplings. 
Species associating with AM exhibited a more negative growth response to conspecifics than those 
associating with ECM (Fig. 2.3). ECM associations may provide saplings with more effective protection 
against pathogens (Laliberté et al., 2015) and greater nutrient acquisition, aiding the sapling with tissue 
defense and growth (Courty et al., 2010). Furthermore, ECM may also have somewhat more specialized 
associations with trees than AM fungi (Janos, 1980). The relatively host-specific ECM may encourage 
conspecific recruitment closer to conspecific adults than AM (Bever 2003; O’Brien, Gomola, and Horton 
2011; Bennett et al. 2017). These effects may explain enhanced growth of ECM-associated trees while in 
close proximity to conspecifics (Corrales, Mangan, Turner, & Dalling, 2016; Courty et al., 2010; O’Brien et 
al., 2011; Van Der Heijden & Horton, 2009).  
Mycorrhizal type does not appear to affect sapling spatial patterns or survival (Figs 2.2 and 2.3). 
While it is possible that low sample size inhibits our ability to detect an effect of mycorrhizal type on 
spatial patterns of saplings, it is also possible that the effect of shade tolerance trumps the effect of 
mycorrhizal type on survival at the seedling stage; then as seedlings mature into saplings, mycorrhizal 
type becomes more important than shade tolerance in modifying sapling growth rates depending on the 
conspecific neighborhood. In other words, seedling survival primarily depends on conspecific 
neighborhood and shade tolerance (and their interaction), whereas sapling growth depends on 




Our approach of evaluating CNDD from a plant trait perspective using multiple response 
variables (i.e., spatial location, growth, and survival) emphasizes that saplings may respond to nearby 
conspecifics in nuanced ways, where the recruitment stage (seed or seedling vs. sapling), shade 
tolerance, and mycorrhizal association of saplings can all affect the degree to which saplings are 
influenced by neighboring conspecifics. However, by focusing only on shade tolerance and mycorrhizal 
type as mediators of differential susceptibility to CNDD, we are likely missing other traits that could 
explain these patterns. There are other commonly measured plant traits that are potentially associated 
with competitive ability or tissue defense, such as specific leaf area and wood density. With expanding 
and publicly available plant trait repositories such as BIEN and TRY (Kattge et al. 2011; Enquist et al. 
2016), it would be possible to investigate a broader range of plant traits associated with CNDD. 
The point patterns, growth, and survival of saplings revealed different results in terms of shade 
tolerance and CNDD susceptibility. Specifically, shade tolerant saplings were generally aggregated 
around conspecifics while exhibiting reduced growth but not survival. This finding implies that shade 
tolerant seeds or seedlings may experience some benefits to being in close proximity to conspecifics 
(e.g., by connecting with a mycorrhizal network), and as they grow to become saplings, they show 
reduced growth when neighborhood conspecific density is high.  
In summary, CNDD may affect vital rates of shade tolerant stems in various ways – first by 
seedling aggregation, then later by reduced sapling growth. Similarly, seedlings that survive the CNDD 
filter may have greater growth rates as saplings if they associate with ECM (vs. AM). Studies on CNDD 
would benefit from simultaneously considering ontogeny and plant traits along with multiple response 
measurements to ensure our understanding of recruitment dynamics reflects the complex nature of 
forest composition and structure.
29 
 






Plots analyzed Size class 
designation 
Acer rubrum 3.44 AM (all plots) 
Understory 
Saplings: 1 – 2.5cm 
Adults: ≥ 2.5cm 
Carpinus caroliniana 4.58 ECM 97 
Cercis canadensis 3.00 AM 12, 97 
Cornus florida 4.87 AM 12, 13, 93, 97 
Ilex decidua 4.00 AM 14 
Juniperus virginiana 1.28 AM 12, 97 
Ulmus alata 3.03 AM 14 
Carya ovata 3.40 ECM 12, 14 
Mid-story 
Saplings: 1 – 4cm 
Adults: ≥ 4cm 
Fagus grandifolia 4.75 ECM 97 
Fraxinus americana 2.79 AM 12, 93 
Nyssa sylvatica 3.52 AM 13, 93, 97 
Oxydendrum 
arboreum 
2.70 AM 13, 91, 97 
Liquidambar 
styraciflua 
1.59 AM 14, 97 
Canopy 
Saplings: 1 – 10cm 
Adults: ≥ 10cm 
Liriodendron 
tulipifera 
2.07 AM 97 
Quercus alba 2.85 ECM 12 
 
Shade tolerance value, primary mycorrhizal association, plots analyzed (plots on which there were 
enough stems to analyze the species), and size class cutoffs of tree species used for spatial point pattern 
analysis. Groups and size cutoffs for saplings vs. adults were determined based on average diameters of 




Table 2.2: Description of statistical models 
Model Model specification 
Null αp + β1 x D + β2 x L + β3 x SHA + β4 x MYC + β5 x SHA*MYC 
Biotic 
αp + β1 x D + β2 x L + β3 x SHA + β4 x MYC + β5 x SHA*MYC + 
β6 x Stot + β7 x BAtot 
Biotic, con 
vs. het 
αp + β1 x D + β2 x L + β3 x SHA + β4 x MYC + β5 x SHA*MYC + 
β8 x Scon+ β9 x Shet + β10 x BAcon + β11 x BAhet 
Interactive 
αp + β1 x D + β2 x L + β3 x SHA + β4 x MYC + β5 x SHA*MYC + 
β6 x Stot + β7 x BAtot + 
β12 x BAtot*SHA + β13 x BAtot*MYC 
Interactive, 
con vs. het 
αp + β1 x D + β2 x L + β3 x SHA + β4 x MYC + β5 x SHA*MYC + 
β8 x Scon+ β9 x Shet + β10 x BAcon + β11 x BAhet +  
β14 x BAcon*SHA + β15 x BAhet*SHA +  
β16 x BAcon*MYC + β17 x BAhet*MYC 
 
 
Five models compared for each of four spatial scales (5, 10, 15, 20m), each of two plant traits 
(mycorrhizal type and shade tolerance), and each of two response variables (sapling growth rate and 
sapling survival). Model terms include initial seedling diameter (D), a proxy for light availability (L), 
conspecific, heterospecific, and total sapling density (Sc, Sh, Stot), conspecific, heterospecific, and total 
adult basal area (BAc, Bah, BAtot), shade tolerance (SHA), and mycorrhizal type (MYC) – a categorical 
variable that equals AM (arbuscular mycorrhizal) or ECM (ectomycorrhizal). We allow slope to vary by 
plot, indicated by αp in all models. Interactions are indicated by an asterisk (*).
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Figure 2.1: Boxplots of spatial patterns by shade tolerance 
 
Boxplots showing relationship between shade tolerance and observed spatial pattern determined using 
spatial point pattern analysis. Dots for each spatial pattern represent individual species; one species 
(Acer rubrum) was left out of visualization because its pattern varied between plots. Species names 
listed in the right margin are grouped next to the spatial point pattern associated with the species-
specific results (in descending order of shade tolerance). Designation of each spatial pattern is pooled 
across plots and spatial scales, where evidence of non-random spatial patterns in any plot or spatial 
scale is categorized as a non-random pattern. Species that did not exhibit a non-random pattern at any 
plot or spatial scale are categorized as random.
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Figure 2.2: Parameter estimates of best-performing growth and survival models 
 
Results of best-performing growth and survival models at the 5m and 15m spatial scales. Model 
interactions are indicated by “:”. Comparisons between conspecific and heterospecific effects are 
connected with dotted lines. Dots and whiskers indicate the parameter estimate and its 95% confidence 
interval, respectively. Shade tol or Shade = shade tolerance; Myc = mycorrhizal type (ECM (the reference 
level) or AM); Sap = sapling; con = conspecific; het = heterospecific; BA = basal area. 
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Figure 2.3: Sapling growth and survival responses to adult density based on shade tolerance and 
mycorrhizal type 
 
Sapling growth and survival responses to conspecific and heterospecific adult density as the 1) main 
effects, 2) as interacting with shade tolerance, and 3) as interacting with mycorrhizal type (i.e., 
ectomycorrhizal or arbuscular mycorrhizal). Ribbons indicate 95% pointwise confidence limits. Shade 
tolerance is a continuous value extracted from Niinemets and Valladares (2006). The two shade 
tolerance levels plotted include the lowest and highest shade tolerance values represented by species 
analyzed in the current study.
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CHAPTER 3: ENVIRONMENTAL CONTEXT ALTERS THE MAGNITUDE OF CONSPECIFIC DENSITY 
DEPENDENCE IN A TEMPERATE FOREST 
Introduction 
Ecosystems maintain diversity through a variety of natural mechanisms, many of which have 
been the focus of ecological studies for decades. Notable examples of this body of literature come from 
Janzen's (1970) and Connell's (1971) studies on the role of plant enemies in driving the maintenance of 
tree diversity in tropical forests. Specialist enemies can drive diversity maintenance by encouraging 
spatial mixing of plant species by reducing growth or survivorship of seeds and seedlings in locations 
dense with conspecifics (i.e., conspecific negative density dependence, or CNDD) (Bagchi et al., 2014; 
James D Bever, 2003; Johnson et al., 2014). Additionally, seedling growth and survival vary as a function 
of small-scale (i.e., local) environmental conditions through spatial variation in light availability, soil 
nutrient content, and soil moisture. However, questions remain about the interaction between the 
abiotic and biotic environment (LaManna et al. 2016). For example, how might the abiotic environment 
modify the direction or magnitude of biotic processes such as CNDD? 
The most important contribution to observed patterns of CNDD is likely the activity of soil 
pathogens (James D Bever, 2003; Johnson et al., 2014; Mangan, Herre, et al., 2010). High densities of 
specialist, and even specific combinations of generalist pathogens, can lead to conspecific avoidance by 
seedlings and saplings by reducing their survival in close proximity to established conspecifics (Benítez et 
al., 2013; Hersh et al., 2012). To add complexity, the abiotic environment can influence soil pathogen 
dynamics (Álvarez-Loayza et al., 2011; Florianová & Münzbergová, 2018; Martin & Loper, 1999; Reinhart 
et al., 2010). If small-scale abiotic context modifies density or behavior of soil pathogens, we would 
expect to see variation in whether and to what extent CNDD patterns emerge. But as of yet, there have 
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been few studies that link CNDD to environmentally mediated soil pathogen dynamics (Benítez et al., 
2013).  
Several recent studies on CNDD have addressed how environmental context can affect the 
strength and direction of CNDD. For example, McCarthy-Neumann and Ibanez (2013) found that for 
three of four seedling species experiencing CNDD, CNDD was only observed under low light conditions. 
Light may have varying effects on both tree carbon allocation and soil microbe communities, both of 
which can then influence the magnitude or direction of CNDD. Light access can indirectly influence the 
soil microbe community by affecting soil temperature and moisture. For example, higher temperature 
and moisture levels per se (regardless of light availability) may increase pathogen abundance (Martin & 
Loper, 1999) and virulence (Velásquez et al., 2018). Light access might also affect tree susceptibility to 
enemies by changing how trees allocate carbon resources in terms of a growth-defense trade-off 
(Kitajima, 1994). These findings imply that heterogeneity of light, soil temperature, and soil moisture 
levels across a forest may create pockets of higher soil pathogen density or activity as well as variation in 
the level of tissue defense of individual trees. 
Along with spatially patchy light availability, forests contain heterogeneity in soil resources that 
may also influence patterns of CNDD through its effects on tree leaf nitrogen content and soil microbe 
populations. LaManna and others found that higher levels of soil nutrients and moisture led to an 
increase in the magnitude of CNDD in seedlings and saplings (LaManna et al. 2016). This pattern could 
mean that resource-rich environments lead to higher densities of soil pathogens (Fierer & Jackson, 
2006). Alternatively, it is possible that high levels of soil nutrients lead to enhanced plant allocation of 
carbon to growth rather than tissue defense (Dudt & Shure, 1994). This effect may particularly influence 
species that have high potential growth rates (such as shade intolerant species) such that young stems 
in resource-rich environments shunt carbon to growth rather than tissue defense, rendering the tissues 
of new growth more vulnerable to infection or herbivory (García-Guzmán & Heil, 2014; Kardol, Martijn 
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Bezemer, & Van Der Putten, 2006). Similarly, trees found in high soil resource environments often have 
higher leaf nitrogen content, attracting higher densities of herbivores (Campo & Dirzo, 2002). Because of 
the paucity of studies focusing on how the abiotic context modulates CNDD, it remains unclear how 
environmental conditions affect plant enemy abundance and behavior and carbon allocation in trees.  
To better understand whether and how abiotic processes modulate biotic effects and drive 
patterns of CNDD, we pose the following questions: 1) does the abiotic environment interact with the 
biotic neighborhood, including both conspecific and heterospecific density, to affect sapling growth and 
survival, and 2) if so, does the abiotic environment modulate observed patterns of CNDD?  
To our knowledge, no study has previously evaluated how local abiotic environments modify the 
magnitude or direction of CNDD on sapling growth rate and survival. To address this question, we pair 
spatial patterns of sapling growth and survival over an 8-year time period with environmental 
measurements (soil resource and light availability) in a mapped forest plot in central North Carolina, 
USA. We construct mixed effects models to compare the relative importance of conspecific and 




Stem data were collected from a mapped forest plot located in Duke Forest (Orange County, 
North Carolina, USA) on the North Carolina Piedmont. Duke Forest includes over 2,800 hectares 
managed by Duke University for research, education, and recreation (Lynch, 2006). The 6.55-hectare 
plot contains mixed hardwoods that have never been clear-cut and have been left unmanaged since the 
forest was established in 1931. We use survey data taken from the years 1990 and 1998, where 
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recorded stem density (for stems at least 2cm diameter at breast height) was 1365 to 1536 stems per 
hectare (respectively).  
Each tree stem at least 2cm in diameter at breast height (DBH) was mapped to the nearest 
0.1m, along with species identity and DBH. During resurveys, stems recorded from the previous survey 
were located, re-measured, and assigned a condition code indicating whether the stem was alive, 
damaged, dead, or missing. We selected the two survey years, 1990 and 1998, because the effects of 
elevated deer browsing were not important in sapling growth or survival rates (data not shown). 
Soil samples were collected on a regular grid across the 256m x 256m plot at 16m intervals, 
resulting in a total of 289 samples. Each sample was collected by the same person, who removed soil 
from the A horizon after removing undecomposed organic litter from the soil surface. Samples were 
dried in an oven to remove all moisture before shipping them to Brookside Laboratories, Incorporated 
(New Knoxville, Ohio, USA) for soil nutrient and texture analysis (for more details, see Reed et al. 1993; 
Palmer et al. 2007). 
Data preparation 
To determine the response of small stems to established trees within their neighborhood, we 
separated stems into two size classes – saplings (2 - 12.7cm) and trees (>= 12.7cm) – based on Forest 
Inventory and Analysis size class designations (U.S Forest Service, 2011). The magnitude of CNDD is a 
function of distance to nearest conspecific and density of conspecifics within the neighborhood. Thus, 
we calculated the basal area of conspecific and heterospecific trees surrounding each sapling at four 
different spatial scales (5, 10, 15, and 20m). It is important to distinguish conspecific effects from other 
effects unrelated to species identity (e.g., competition with heterospecifics). Therefore, we evaluated 
the conspecific versus heterospecific effects separately to detect patterns of CNDD. This approach 
resulted in eight measurements: conspecific tree basal area and heterospecific tree basal area of all 
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trees within 5, 10, 15, and 20-meter scales. To resolve issues with model convergence, we divided all 
basal areas by the area of the circle within which basal area was calculated. Finally, we removed saplings 
from the dataset found within 20m of plot boundaries to avoid problems with edge bias (i.e., where 
stems near plot boundaries would appear to have fewer stems in the neighborhood because stems 
outside plot boundaries were not surveyed).  
We evaluated the contribution of four environmental measurements in our models based on 
either their direct effect on tree survival and growth or their ability to act as a proxy for some other 
important measurement that was not directly collected. First, we included elevation as an 
environmental covariate, as this measurement likely correlates with soil moisture in the mapped plot. 
Although most of the plot is considered upland, a section of the plot slopes into a lower-elevation area 
near a stream. Elevation varies by about 8m across the plot, with only 22% of sapling stems located in 
areas lower than the average plot elevation (Fig. 3.1). Results indicating an important effect of elevation 
on sapling growth or survival we interpret as potentially a response to varying levels of soil moisture. 
Next, we selected a soil fertility indicator to include. We performed principal components 
analysis (PCA) on four soil measurements related to cation availability: levels of soil calcium, magnesium, 
and potassium (in ppm) and soil pH. We used the first PCA axis as a proxy for soil cation availability. We 
used the vegan package in R to perform PCA (Oksanen et al., 2019).  
We included percent soil organic matter in the analysis because this measurement may act as an 
indicator of site productivity and soil fertility. Additionally, higher levels of organic matter can better 
retain moisture in the soil for plant access. Thus, soil organic matter represents an indicator of areas 
that may be more fertile and/or have higher soil moisture levels. 
Because these first three environmental measurements (elevation, cations, and organic matter) 
are available every 16m across the plot, we interpolated those values to create a continuous surface for 
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each soil measurement (Fig. 3.1). To accomplish this, we fitted empirical variograms to the data and 
selected the best-fit model. We used this model to interpolate values across the entire plot, allowing us 
to extract a single value for each soil measurement for each sapling. We used the gstat and sp packages 
in R for interpolation (E. Pebesma & Bivand, 2005; E. J. Pebesma, 2004; R Development Core Team, 
2018). 
Finally, we calculated a proxy for the extent of canopy gaps based on known locations of large 
stem deaths. We located trees (>= 12.7cm DBH) that died during the time period between the two 
surveys used for this study (1990 and 1998). We used spatial smoothing on the tree diameters of the 
dead stems to estimate the extent of canopy gaps across the plot (Fig 3.1). We used the Smoothfun 
function in the spatstat package in R to perform the spatial smoothing (Baddeley & Turner, 2005; R 
Development Core Team, 2018). 
Model description 
To evaluate the sapling survival response, we constructed generalized linear mixed effects 
models using a binary response, which indicates whether the sapling survived or died during the 8-year 
time interval between surveys. We constructed five competing models for each combination of 
environmental covariate and spatial scale to determine: whether species-agnostic competition (total 
basal area) or conspecific effects (conspecific basal area) are more important in determining sapling 
survival, and whether the environmental context modulates the adult basal area effect (by using 
interactions between environment and adult basal area) (Table 3.1). We performed model selection AIC 
value comparison. If there were multiple high-performing models that did not show a difference in 
performance, we selected the simplest of the competing models.  
Environmental covariates included elevation, the extent of canopy gaps, soil organic matter, and 
soil cations; basal area covariates include total adult, conspecific adult, and heterospecific adult basal 
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areas. We included species as a random effect for all models, which accounts for the differing life history 
strategies for recruitment across species (i.e., that we expect overall sapling survival to differ between 
species). We included sapling diameter as a covariate in all models to account for differential growth 
and survival rates of saplings of different sizes. We constructed a series of models and performed model 
selection separately for each of the four environmental covariates. Within each series of models for 
each environmental covariate, we constructed models at 5, 10, 15, and 20m spatial scales and 
performed model selection separately for each.  
To evaluate the sapling growth response, we modeled the log-transformed growth rate against 
the same series of mixed models used for the survival analysis. Growth rates were calculated as the 
difference in diameter between survey years divided by the number of years between measurements (8 
years). The three highest growth rates were removed due to likely measurement error, and negative 
growth rates were assigned a growth rate of zero. We performed model selection using the same 
approach as for the survival analysis. We performed all analyses using the lme4 package in R (R 
Development Core Team 2018; Bates et al. 2015). 
Results 
We found that the abiotic and biotic neighborhoods of saplings were associated with changes in 
sapling growth and survival, and these patterns varied across spatial scales and between the two 
response types (Fig. 3.2). The separate effects of conspecific and heterospecific basal area consistently 
outperformed the effect of total basal area on sapling growth, indicating that it is important to consider 
conspecific and heterospecific basal areas independently, as they may affect saplings in different ways. 
Furthermore, the main effect of conspecific basal area was almost always associated with reduced 
growth as compared to that of heterospecific basal area (Fig. 3.3). Sapling survival was generally not 
contingent on the biotic neighborhood at any scale. We found one exception of higher sapling survival at 
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higher elevations with increasing total adult basal area. But we found no difference in sapling survival 
between conspecific versus heterospecific adult basal area.  
The effect of conspecific versus heterospecific basal area on sapling survival was less important 
than that on sapling growth (Fig. 3.2). 
In terms of sapling growth, we detected interactions between the environment and the biotic 
neighborhood occurring with both conspecific and heterospecific basal area. This indicates that differing 
levels of soil resources and light availability can either enhance or counteract the negative effect that 
conspecific and heterospecific basal area has on sapling growth. Three of the four environmental 
variables (canopy gaps, soil organic matter, and soil cations) interacted with adult basal area for at least 
one spatial scale (Fig. 3.2). We specifically look for instances where the interactive environmental effect 
differed between conspecific and heterospecific basal area, because these situations suggest that the 
abiotic neighborhood can alter the magnitude or direction of conspecific density dependence in 
temperate forests. 
The best-performing models varied across spatial scales among the four series of environmental 
models and also differed between the response variables (i.e., growth vs. survival) (Fig. 3.2). 
For the best-performing elevation models at all scales, we found a positive relationship between 
elevation and sapling growth. We did not find interactions between elevation and adult basal area that 
indicated a differential conspecific effect based on elevation.  
At the 5m scale, the interaction between conspecific basal area and canopy gaps was slightly 
more negative than that of heterospecific basal area for sapling growth. This implies that saplings in or 
near canopy gaps experience a somewhat greater effect of CNDD (Fig. 3.4A). Upon further investigation 
of the effect size, we observed large variation in the sapling growth response to increasing conspecific 
density when canopy gap levels are high (but not when canopy gap levels are low). 
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Soil organic matter as a main effect was positively related to sapling survival and had no effect 
on sapling growth. We found a somewhat more negative relationship between heterospecific basal area 
and SOM than that of conspecific basal area and SOM. This implies that when SOM levels are low, 
sapling growth is more negatively affected by increasing conspecific basal area than that of 
heterospecific basal area. Additionally, when SOM levels are high we see an enhanced negative effect of 
increasing heterospecific basal area than the heterospecific effect at low SOM levels (Fig. 3.4B). 
The main effect of soil cations was positively associated with sapling survival but not growth. We 
observed a positive effect between growth and the interaction between conspecific basal area and soil 
cations as compared to that of heterospecific basal area, indicating that higher soil cation levels can 
reduce the negative effect of conspecifics on sapling growth (Fig. 3.4C).  
Discussion 
We found that the environmental context can modify the effect that the biotic neighborhood 
has on sapling growth and survival. Three of the four environmental covariates interacted with 
conspecific basal area in different ways than heterospecific basal area to influence sapling growth or 
survival (Figs 3.2 and 3.3), indicating a potential modulation of CNDD based on the environmental 
context. This finding has implications for the detection of CNDD because it introduces environmental 
factors that play into the presence and magnitude of CNDD that have not yet been explored deeply. 
We observed a reduction in sapling growth and survival under increasing levels of conspecific 
basal area more so than heterospecific basal area (Fig. 3.3). The effect of heterospecific basal area is 
likely related to competition for light, soil nutrients, and water (C. Canham et al., 1996; Chase, Kimsey, 
Shaw, & Coleman, 2016). This competitive effect may reduce resources needed for sapling growth, 
explaining the reduction in sapling growth as the neighborhood heterospecific basal area increases. Our 
finding that conspecifics have more of a negative effect on sapling growth than heterospecifics is in line 
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with the known effect that conspecifics have on seedlings and saplings (Ramage et al. 2017; Johnson et 
al. 2014; LaManna et al. 2016; McCarthy-Neumann and Kobe 2010). Saplings in close proximity to high 
densities of conspecifics likely experience greater herbivory or a higher pathogen load. Infection by 
specialist pathogens, co-infection by multiple generalist pathogens, or interspecific susceptibility to 
generalist pathogens (Benítez et al., 2013; Hersh et al., 2012) can lead to a spatial signature of CNDD, 
where we see a decrease in sapling growth in close proximity to conspecifics. It is also possible that 
strong intraspecific competition leads to CNDD, although studies suggest that plant enemies are more 
important in causing patterns of CNDD than intraspecific competition (James D Bever, 2003; Mangan, 
Herre, et al., 2010).  
We modeled both sapling growth and survival because CNDD can affect multiple tree vital rates, 
and the extent to which CNDD affects tree recruits can change with ontogeny (Zhu et al. 2015; LaManna 
et al. 2016; Johnson et al. 2014). In experimental work, the focus is on the early seedling stages (from 
germination to 2-3 months old), and seedling survival is a commonly used response variable (Ramage et 
al., 2017). Seedling survival is a reliable measure of CNDD or other biotic processes because seedlings 
are more vulnerable to suboptimal environmental conditions, competition, and plant enemies than 
older stems (Johnson et al., 2014). Once seedlings have survived the vulnerable early stages, we see less 
mortality as recruits move into the sapling stage. This is consistent with our finding that sapling growth 
responded more dramatically to the biotic neighborhood than sapling survival.  
We did not observe an interaction between elevation and density-dependent growth. This result 
contradicts our hypothesis that CNDD should increase in magnitude at lower elevations under the 
assumption that elevation and soil moisture are negatively correlated in our plot. Others have found soil 
pathogens to be more abundant or virulent when soil moisture is high (Velásquez et al., 2018). While 
the interaction between density dependence and elevation on our plot is unclear, we should emphasize 
the small sample size of the current study (one plot 6ha in size) and the small changes in elevation found 
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within the plot (8m difference between highest and lowest points). A better understanding of other 
variables correlated with small changes in elevation would aid in interpretation of our findings. Multiple 
environmental variables are likely correlated with elevation, each of which may have opposing effects 
on modulating CNDD. This could result in no observable signal of CNDD with elevation. For example, 
lower-elevation locations may have greater soil nutrient resources or organic matter build-up, both of 
which can modify small-scale environmental conditions for soil pathogens. Additionally, stems at higher 
elevations may have greater exposure to high winds, which could increase tissue loss, affecting carbon 
allocation and sapling tissue defense.  
We found a large amount of variation in how sapling growth responds to increasing conspecific 
density when saplings are within or near canopy gaps. In low-gap areas, sapling growth consistently 
decreases with increasing conspecific density. In high-gap areas, saplings may respond positively or 
negatively (or not at all) to increasing conspecific density (Fig. 3.4A). Light interception per se can play a 
large role in sapling growth and tissue allocation, and species differing in life history strategies respond 
differently to high light conditions. Thus, it is possible that species can show variation in response to 
conspecifics under high light conditions, given interspecific differences in the prioritization of resource 
allocation to tissue defense (C. Canham et al., 1996).  
In terms of soil organic matter, we found differences in sapling growth with increasing density of 
conspecifics vs. heterospecifics, but only for low levels of soil organic matter (Fig. 3.4B). The level of soil 
organic matter may be correlated with density and composition of decomposers or plant productivity. 
Areas with low productivity likely have less leaf production and thus low levels of soil organic matter, 
and lower nutrient access may explain the presence of such areas in our plot. It is possible that lower 
levels of nutrients make it more difficult for saplings to acquire the energy needed to protect tissues 
against pathogens, an interpretation that agrees with our finding that areas with higher levels of soil 
cations experience lower levels of CNDD (discussed in the next paragraph). The amount of soil organic 
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matter may also influence the composition and density of soil microbes (Jiménez-Chacón, Homet, 
Matías, Gómez-Aparicio, & Godoy, 2018), including bacteria and fungi that may be either beneficial 
(mycorrhizal) or detrimental (pathogenic) to saplings.  
We observed a counteractive effect of high soil cations on sapling growth under increasing 
levels of conspecific basal area (Fig. 3.4C), implying that increases in soil cations may reduce the 
magnitude of CNDD. It is possible that saplings with greater resource availability may divert these 
resources to secondary metabolism (i.e., tissue defense), rendering them better able to resist the 
negative effects of CNDD. However, this interpretation contradicts a body of literature that argues that 
soil fertilization typically leads to higher plant growth at the expense of secondary metabolism (Herms 
2002). LaManna and others (2016) found that higher soil resources led to more dramatic effects of 
CNDD, supporting the idea that higher soil nutrient levels can lead to reduced tissue defense. They 
argue that when provided with greater soil resources, plants may allocate those resources to build more 
photosynthetic machinery within their leaves, leading to higher leaf nitrogen content in high-soil 
resource areas. Herbivores are attracted to plant tissues with higher nutritional quality or lower 
secondary metabolite concentrations (D. A. Herms 2002). Consequently, higher soil nutrient availability 
may lead to a greater impact of herbivory and CNDD in saplings (Campo and Dirzo 2002; LaManna et al. 
2016).  
It is unclear why our results do not support those of LaManna et al. (2016). It is possible that 
their results were more in-line with literature support due to a larger sample size . Additionally, 
LaManna and others used a lower threshold for what is considered a sapling (<2cm, <5cm, or <10cm 
DBH compared to the current study, <12.7cm DBH), which could yield more significant stem effects 
considering the waning effect that CNDD has on larger size classes (Johnson et al. 2014; LaManna et al. 
2016; Zhu et al. 2015). However, re-analyzing data from the current study using a smaller size class 
threshold (<5cm) did not produce results different from those reported here (results not shown).  
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We do not want to discount the possibility that thus far, the literature remains relatively naïve 
about how the trade-off between tree growth and tissue defense plays out in natural forest systems. 
There are many factors that likely contribute to CNDD susceptibility, all of which may be interacting in 
complex ways that the literature has not yet defined. For example, even if higher soil resources lead to 
increased herbivory, those resources may also help trees to replace damaged or consumed structures 
more quickly, rendering it less important to invest in tissue defense. Another possible reason for our 
inconsistent results is that CNDD responses do not vary linearly with abiotic conditions, instead showing 
a unimodal peak in CNDD magnitude under specific environmental conditions. This is consistent with the 
growth-differentiation balance hypothesis, which predicts a parabolic response of secondary metabolite 
production to differences in soil nutrient resources (Herms and Mattson 1992). Based on this 
framework, in areas with low nutrient resources, fertilizing the soil may initially benefit plant growth 
(and reduce the effects of CNDD). Continuing to increase nutrient resources to even higher levels may 
result in greater pathogen infection or herbivory of saplings (and enhanced effects of CNDD) as plant 
nitrogen levels increase. LaManna et al.’s (2016) study plot may represent a sample of temperate forests 
under different environmental conditions than those of the current study, so our opposing results may 
reflect the non-linear nature of the trade-off between growth and tissue protection. To test this idea, it 
is necessary to conduct observational and experimental studies on differential CNDD across a wider 
range of abiotic conditions while considering the complex nature of the growth vs. tissue defense trade-
off. 
In summary, we found evidence that the biotic and abiotic environments of saplings interact to 
modify sapling growth and survival patterns. Our results indicate that the magnitude of CNDD can shift 
based on environmental conditions, and in our case, the environmental variables driving that 
modulating effect occurred with the extent of canopy gaps, soil organic matter, and soil cation levels. 
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Our results provide rationale for a deeper investigation of the role of environmental conditions in 
driving variation in the magnitude of CNDD at local scales.  
CNDD literature has just begun to focus its attention to more nuanced patterns of differential 
CNDD patterns that vary across species, along environmental gradients, or between geographic regions. 
Uncovering these patterns will result in a better understanding of how abiotic and biotic neighborhoods 
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Five mixed-effects models evaluating the contribution of neighboring adult tree density and the 
environmental contribution to two sapling responses – growth and survival. The five models are 
compared for each of four environmental covariates (elevation, canopy gaps, soil organic matter, and 
soil cations), and within each environmental covariate at four spatial scales (5, 10, 15, 20m). Model 
terms include initial sapling diameter (DIAM), one of four environmental variables (ENV), total adult 
basal area within a specific spatial scale (BATOT), conspecific adult basal area within a specific spatial 
scale (BACON), and heterospecific adult basal area within a specific spatial scale (BAHET). We allowed 
species to vary in their intercepts for all models, as represented by the parameter αs.
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Figure 3.1: Maps of environmental variables across forest plot 
 
Representations of environmental conditions across the 6.5ha plot, where light dots/raster areas 
represent low values of the measurement and darker areas represent higher values. Canopy gap 
measure is a spatial smoothing of diameters of adult trees that died between surveys (1990-1998), 
resulting in a continuous raster that represents the extent of recent canopy gap openings. Elevation, soil 
organic matter, and soil fertility values are estimated based on sampling performed on a 16m x 16m 
regular grid across the plot and then kriged on top of stem locations. Thus, each dot on the map of these 
measures represents the magnitude of the environmental value associated with each stem. Elevation 
measures are subtracted from the mean elevation, resulting in relative elevation (in meters). Soil organic 
matter is percent soil composed of organic matter. Soil cations represent the first axis of the PCA 




Figure 3.2: Results of model selection for all spatial scales 
 
Results of model selection for all environmental models at all spatial scales. Spatial scales indicated by 
numbers 5-20 (units in meters). Five competing models are specified in left column, leaving out the 
diameter covariate, as it is present in all models. Env = environmental variable, is indicated by column 
headings; Het BA = heterospecific basal area; Con BA = conspecific basal area; additive effects indicated 
by (+); interactive effects indicated by (*)
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Figure 3.3: Sapling growth response to conspecific and heterospecific basal area 
 
Model-estimated sapling growth response (in log-transformed cm/year) to increasing conspecific tree 
basal area (in cm2) as compared to increasing heterospecific tree basal area. For illustration purposes, 
this figure shows model results from the soil cation model at the 15m scale.
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Figure 3.4: Sapling growth response to adult basal area and high vs. low levels of environmental 
predictors 
 
Model-estimated sapling growth response (in log-transformed cm/year) to increasing conspecific (gray 
ribbons) and heterospecific (white ribbons) basal area (in cm2) depending on three environmental 
variables – canopy gaps, soil organic matter, and soil cation levels. “Low” and “high” variable levels are 
based on the lowest and highest levels (respectively) of the variable that were estimated by the model. 
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For illustration purposes, canopy gap and soil organic matter variables are shown at the 5m spatial scale, 
and soil cation variable results shown at the 15m scale.
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CHAPTER 4: THE OCCURRENCE OF CONSPECIFIC NEGATIVE DENSITY DEPENDENCE VARIES WITH THE 
ENVIRONMENT AT THE COMMUNITY AND SPECIES LEVEL 
Introduction 
The Janzen-Connell hypothesis predicts local-scale spatial patterns in tree recruitment based on 
the assumption that areas surrounding adult trees contain higher densities of specialist pathogens and 
other plant enemies (Connell, 1971; Janzen, 1970). As a result, seeds, seedlings, and saplings experience 
lower germination, growth, or survival rates when located in close proximity to established conspecific 
adults. This process is termed conspecific negative density dependence (CNDD). Even generalist 
pathogens more common in temperate forests can cause spatial avoidance of conspecifics by recruits. 
Specific combinations of generalist pathogens, or differential infection severity across tree species by 
generalist pathogens, can lead to the same recruitment patterns caused by specialists (Hersh et al., 
2012). While it is increasingly evident that CNDD is an important driver of observed recruitment patterns 
in temperate forests, not all tree species appear susceptible to CNDD (Johnson et al., 2014; Kuang et al., 
2017), and a species showing susceptibility in one study may fail to exhibit susceptibility in another 
study. Thus far, there is a paucity of work focused on understanding these patterns of intraspecific or 
context-specific differences in the magnitude of CNDD.  
In previous studies of density dependent recruitment, anywhere from 24% to 73% of the species 
evaluated have been found to show patterns of CNDD (Johnson et al., 2014; Kuang et al., 2017; 
Kuninaga, Hirayama, & Sakimoto, 2015; Martínez, González Taboada, Wiegand, & Obeso, 2013; Piao, 
Comita, Jin, & Kim, 2013; Uriarte, Condit, Canham, & Hubbell, 2004). To understand why CNDD is not 
generalizable across all tree species, some authors have taken a plant trait approach. Traits associated 
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with tissue defense, such as leaf longevity, wood density, shade tolerance, or mycorrhizal association, 
may help predict interspecific patterns of CNDD susceptibility (Comita & Hubbell, 2009; García-Guzmán 
& Heil, 2014; Kobe & Vriesendorp, 2011; Philipson et al., 2014). By diverting resources to fast growth, 
shade intolerant species may have low tissue defense, rendering them more susceptible to pathogens or 
herbivores (Sarah McCarthy-Neumann & Ibanez, 2013). Similarly, species associating primarily with 
ectomycorrhizal fungi, as opposed to arbuscular mycorrhizal fungi, may benefit from greater tissue 
defense due to the higher degree of nutrient and water transfer occurring from mycorrhiza to tree and 
extra root tip defense against pathogen infection (Bennett et al., 2017; Laliberté et al., 2015).  
While shade tolerance and mycorrhizal association have been moderately successful at 
predicting CNDD susceptibility, there is not a clear trend across studies showing which species are more 
likely to show evidence of CNDD. For example, while some studies have shown Quercus rubra to 
experience CNDD (Sarah McCarthy-Neumann & Ibanez, 2013; K. Zhu et al., 2015), others have found no 
CNDD or that the detection of CNDD is contingent on ontogenetic state (Comita et al., 2014; LaManna, 
Walton, Turner, & Myers, 2016). If plant traits alone could adequately explain differential CNDD 
susceptibility, we should observe consistent species-specific results across studies. 
To explain these inconsistencies across studies, a more recent hypothesis posits that the 
environmental context can modify the magnitude of CNDD (LaManna et al., 2016). Although much work 
has focused on how abiotic conditions influence the density or activity of soil pathogens (e.g., Álvarez-
Loayza et al., 2011; Florianová & Münzbergová, 2018; Martin & Loper, 1999; Reinhart, Royo, Kageyama, 
& Clay, 2010), few studies have extended this work to evaluate whether the environment, by influencing 
pathogen density or behavior, can modulate the magnitude of CNDD (Benítez et al., 2013). LaManna and 
others (2016) revealed that the intensity of CNDD changed depending on soil resource availability at 
local scales. Similarly, we found that elevation, canopy gaps, soil organic matter, and soil cation levels 
can explain differences in CNDD susceptibility across small scales (<20m) (as discussed in Chapter 3). 
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A few studies have tested patterns of CNDD across latitudinal gradients as a way to describe the 
canonical latitudinal diversity gradient. One such study found stronger patterns of CNDD in tropical 
latitudes than in temperate latitudes, which may help to explain why species diversity is higher at lower 
latitudes (Johnson, Beaulieu, Bever, & Clay, 2012; but see Hille Ris Lambers, Clark, & Beckage, 2002). 
However, this work has yet to tease apart what aspects of these changes in latitude are causing 
differential patterns of CNDD. In other words, what aspects of soil characteristics, topography, or 
climate are responsible for influencing CNDD susceptibility in trees?  
We posit that CNDD susceptibility may vary with the environment in a general, non-species-
specific level (i.e., group CNDD) or at the within-species level (i.e., intraspecific CNDD). More specifically, 
we ask: 1) Does the overall (group) direction or magnitude of conspecific density dependence vary with 
environmental conditions, and 2) Does the intraspecific direction or magnitude of conspecific density 
dependence vary with environmental conditions? Patterns of group CNDD that interact with the 
environment would indicate that locations with certain climatic or geographic features are characterized 
by either enhanced or reduced CNDD. Patterns of intraspecific CNDD that interact with the environment 
would indicate that locations with certain climatic or geographic features shift the magnitude or 
occurrence of CNDD differently between species. 
We combined tree stem data and soil/topographic measurements from vegetation plots across 
North Carolina and South Carolina (USA). We evaluated changes in the magnitude and direction of 
conspecific density dependence with environmental context by considering plot-level measures of 
elevation, soil fertility, and soil texture, slope steepness, North-South directionality, and East-West 
directionality. This is the first study to our knowledge that attempts to tease apart which abiotic 
influences lead to group or intraspecific CNDD susceptibility and can be used to guide future work in 




Vegetation plot data collection 
We extracted woody stem and soil/topographic measurements from vegetation plots spanning 
North Carolina and South Carolina in the southeastern USA (collected by the Carolina Vegetation Survey; 
CVS) (Peet et al., 2012). CVS plot locations are selected to be spatially continuous in species 
composition, structure, and environmental conditions, such that a unique vegetation community type 
can be assigned using the National Vegetation Classification (Committee, 2008; Jennings, Faber-
langendoen, Loucks, Peet, & Roberts, 2009). We used a smaller subset of the full-size CVS plots, within 
which stem data were collected more intensively, leaving us with one 20m x 20m plot at each CVS plot 
location. 
Within each 20m x 20m plot, woody stems at least 1.37m in height were identified to the 
species level and assigned to a DBH size class (0-1, 1-2.5, 2.5-5, 5-10, 10-15, 15-20, 20-25, 25-30, 30-35, 
35-40, and ≥40cm). Stems ≥40cm DBH were measured individually. Each stem was then assigned a size 
equal to the median value of its size class. Each plot is made up of four modules (each 10m x 10m), and 
soil samples were collected from the center of each module from the A horizon. Soils were then oven 
dried and submitted to Brookside Laboratories, Incorporated (Bremen, Ohio, USA) for soil nutrient and 
texture analysis (for more information, see pages 258-259 in Peet, Palmquist, & Tessel, 2014). Soil 
measurements used in the current study include: soil organic matter (%); sand content (%); silt content 
(%); clay content (%); pH; total exchange capacity (MEQ/100g); base saturation (%); Calcium, 
Magnesium, Potassium, Sodium, Boron, Iron, Manganese, Copper, Zinc, Aluminum (all in ppm); ratio of 




We culled CVS plot data to ensure stem data were collected using consistent sampling 
approaches (i.e., using the standard CVS sampling method). We also removed plots wherein stems were 
sub-sampled; this occurs when stems are found at such high densities that counting all of them is not 
feasible. Additionally, we removed certain vegetation types so as to focus on hardwood and mixed 
hardwood-conifer forest communities. More specifically, we removed plots containing vegetation 
communities with extreme soil conditions, such as highly organic (pocosins), high salt content (maritime 
forests), or anaerobic conditions (swamps) (see Appendix B, Table B.1 for list of vegetation communities 
retained). 
For stem data, we included only woody stems with a tree or shrub growth habit as defined by 
the USDA PLANTS Database (USDA, 2019). We removed species from analysis that were found on fewer 
than 100 plots, aiding in parameter estimation. We removed certain species from analysis: Castanea 
dentata, Lindera benzoin, and Asimina triloba, whose small stature meant that few individuals reached 
the size we used to categorize adults (5cm DBH). In the case of C. dentata, this is due to the chestnut 
blight that infects all stems within the tree’s native range early in life. This resulted in a total of 47 
species analyzed (Appendix B, Table B.2; Fig. 4.2). 
We defined saplings as stems less than or equal to 5cm diameter at breast height (DBH) and 
adults as stems greater than 5cm DBH. We summed the number of sapling stems per plot according to 
species, as well as the total number of sapling stems across the plot. We calculated basal area of adult 
stems across the plot according to species (i.e., conspecific basal area), and summed those basal areas 
to get a total adult basal area measure across the plot (i.e., total basal area). From these values, we 
calculated the proportion of adult basal area made up of conspecifics (conspecific basal area / total 
basal area).  
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We used elevation, measured at the plot scale, as an environmental measurement that is 
correlated with climatic factors such as temperature and precipitation.  
We took the average of each soil measurement across the four intensive modules of each plot 
and ran Principal Components Analysis (PCA): First we removed outliers (values greater than 1.5 times 
the lower and upper quartiles), log-transformed highly skewed measurements, then scaled each 
measurement (i.e., subtracted the mean value from each measurement then divided by the standard 
deviation). The first PCA axis was weighted strongly by Calcium, Magnesium, total exchange capacity, 
and base saturation (all in the same direction), which we interpret as soil fertility. The second PCA axis 
was weighted primarily by sand (positively) and silt and organic matter (negatively), which we interpret 
as soil texture (Appendix B, Table B.3 and B.4, Fig. B.1).  
We included three environmental measurements indicative of plot topography using slope and 
aspect values (in radians) that were collected at each plot. Topographic measures can be used as proxies 
for variables that are important for vegetation community composition and structure, such as soil 
temperature and moisture. Topography can include the direction in which plots face if they are located 
on slopes, which can signify the amount of solar radiation intercepting the plot (in the north-south 
direction) and the temperature during the hottest part of the day (in the east-west direction).  
An indicator of plot steepness was calculated by taking the sine of the slope. We calculated an 
indicator of the extent to which a plot faces east by multiplying the sine of the slope with the sine of the 
aspect. Similarly, we calculated the extent to which a plot faces north by multiplying the sine of the 




We modeled sapling count for each species on each plot and used adult basal area as a predictor 
to indicate the presence of CNDD (Table 4.1). If saplings are found in lower densities on plots with high 
conspecific adult basal area, this indicates CNDD.  
We also used abiotic and biotic predictors as well as abiotic-biotic interactions, allowing us to 
look for group environmentally mediated CNDD (Table 4.1). If saplings (regardless of species) are more 
likely to show evidence of CNDD under certain environmental conditions, this would indicate 
environmentally mediated CNDD.  
We included abiotic-biotic interactions that varied within each species (i.e., as varying slopes 
and intercepts), allowing us to look for environmentally mediated intraspecific CNDD (Table 4.1). If 
saplings of certain species are more likely to show evidence of CNDD under specific environmental 
conditions, this would indicate environmentally mediated intraspecific CNDD.  
We constructed negative binomial models and took a Bayesian multi-level modeling approach 
for parameter estimation using the brms package in R (Burkner, 2018). Poisson modeling can account 
for our sapling count response variable, but is constrained to having equal mean and variance. Negative 
binomial models are used when a count response variable is over-dispersed (i.e., has more variation 
than a Poisson model assumes). We used weakly informative priors (available in the Appendix B, Table 
B.5) and scaled all predictor variables to aid in model convergence and interpretation of parameter 
estimates.  
All models were run using 2,000 warm-up iterations, 6,000 sampling iterations, and 4 chains. 
This relatively low number of iterations works because the R package brms uses the No-U-Turn Sampler 
(NUTS) algorithm, which yields higher-quality samples (albeit more computationally intensive) (Burkner, 
2018). Potential scale reduction statistic (Rhat) values fell at or very near 1.0, indicating that the chains 
converged to the equilibrium distribution, and visual inspection of trace plots revealed no problems with 
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convergence. Posterior predictive checks showed no major difference between observed data and data 
simulated from the posterior distribution. 
We determined the best performing model using K-fold cross-validation within the brms 
package. This function re-fits each model K times (we used K=10), each time leaving out 1/Kth of the 
original data. This results in an estimate of how well the model performs when used to make predictions 
on a “new” dataset. We then compare model performance and select the one with the highest 
predictive capabilities (i.e., the highest expected log pointwise predictive density, or elpd).  
Using results from the best-performing model, we evaluated differences in the conspecific vs. 
total basal area effects by calculating the probability that the conspecific basal area effect was lower 
than the 2.5% percentile of the total basal area effect (if the conspecific effect was lower than the total 
basal area effect), or the probability that the total basal area effect was lower than the 2.5% percentile 
of the conspecific effect (if the total basal area effect was lower than the conspecific effect). We 
visualized these differences by highlighting the combinations of predictors and species that have a 
probability of difference greater than 60% (moderate probability) or greater than 85% (high probability; 
Fig. 4.2).  
Results 
We selected the model that included “random” slopes for each species’ response to interactions 
between the environment and biotic effects, but did not include overall (group) interactions between 
the environment and biotic effects (Model 3; Table 4.2). This result indicates that intraspecific responses 
to combinations of different abiotic and biotic conditions was an important contributor to sapling 
density in the temperate forest plots of this study. Additionally, this result indicates no general rules that 
predict modification of conspecific density dependent recruitment by the environment that holds true 
for all trees (regardless of species identity), which was a factor incorporated into Models 2 and 4 (Table 
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4.1). The most complex model (Model 4) performed similarly to Model 3, so we selected Model 3 
because it is more parsimonious (i.e., contains fewer parameters). 
Of the 47 species analyzed, we found evidence of conspecific density dependence in 24 species 
(Fig. 4.2). Of the 24 species, we observed CNDD in 20 species, and the magnitude of CNDD was highest 
(> 85% probability) in 8 species, including Robinia pseudoacacia (black locust), Pinus taeda (loblolly 
pine), Quercus rubra (northern red oak), Liriodendron tulipifera (tuliptree), Q. michauxii (swamp 
chestnut oak), Carya tomentosa (mockernut hickory), C. ovata (shagbark hickory), Ulmus rubra (slippery 
elm).  
Four species exhibited strong positive conspecific density dependence, including Cornus florida 
(flower dogwood), Kalmia latifolia (mountain laurel), Rhododendron maximum (American 
rhododendron), and Hamamelis virginiana (American witch-hazel; Fig. 4.2). 
We observed intraspecific modifications in conspecific density dependence based on the 
environmental context in 13 species. Of the 6 environmental variables, elevation and soil fertility 
appeared to modify sapling response to conspecific neighbors most often across species. Of all species, 
L. tulipifera showed the most variability in its response to conspecifics based on the environment. 
Three species showed strong positive effects of elevation as interacting with the biotic 
environment, including Quercus rubra, Q. velutina (black oak), and Q. alba (white oak; Fig. 4.2). For 
these 3 species, greater sapling densities occur at higher elevations when conspecific adults are nearby, 
more so than at lower elevations.  
In 3 species, we observed strong negative effects of low-fertility soils as interacting with the 
biotic environment, including L. tulipifera, Liquidambar styraciflua (sweetgum), and Nyssa sylvatica 
(black tupelo; Fig. 4.2). This implies that when located on plots with low soil fertility, these 3 species 




As hypothesized, we found evidence that the magnitude and direction of conspecific density 
dependence shifts with environmental conditions in different ways for different tree species. This effect 
appeared strongest with changes in elevation and soil fertility. These results imply that a species 
showing strong patterns of CNDD under one set of abiotic conditions may exhibit little or no CNDD 
under different abiotic conditions, particularly when found at different elevations or at sites with 
differing soil resource levels. However, we did not find a group-wide effect of the environment on 
recruitment patterns, indicating that any abiotically mediated shift in sensitivity to conspecifics occurs in 
species-specific ways. We conclude that stand-level environmental conditions can modify sensitivity of 
saplings to conspecifics for certain temperate forest species.  
CNDD can be explained by numerous ecological processes, including intraspecific competition, 
autotoxicity, selective seed predators, soil pathogens, or herbivores. However, several studies cite soil 
pathogens as the primary driver of the plant-soil feedbacks that lead to CNDD (James D Bever, 2003; 
Mangan, Schnitzer, et al., 2010). Contrary to earlier beliefs, it is not only specialist pathogens or 
herbivores that can cause CNDD. Generalist pathogens may also cause conspecific sensitivity with 
specific combinations of co-infecting pathogens, or when there is differential susceptibility to generalist 
pathogens among tree species (Benítez et al., 2013; Hersh et al., 2012). In our study, 20 of 47 species 
(43%) exhibited evidence of CNDD (Fig. 4.2), indicating this pattern is common across temperate forest 
trees. However, it is important to consider that ecological processes other than CNDD may result in 
recruitment patterns that appear to be CNDD effects. 
We included topographic measures as predictors under the assumption that they are correlated 
with soil moisture and temperature. Soil moisture can affect competitive interactions between stems as 
well as soil pathogen density and activity. High soil moisture can increase fungal pathogen abundance 
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and virulence (Martin & Loper, 1999; Reynolds et al., 2003; Velásquez et al., 2018). Under these soil 
conditions, we hypothesized saplings to have higher susceptibility to CNDD. However, we did not 
observe strong intraspecific CNDD under different topographic conditions. Given the large number of 
variables contributing to sapling recruitment across such a broad geographic scale, it would be difficult 
to detect a signal of soil moisture modulating CNDD magnitude. Our current understanding of how soil 
moisture affects CNDD is likely naïve, and future experimental work may better clarify how soil 
moisture, and resultant changes in pathogen dynamics, influences tree recruitment patterns. 
As with our topographic proxies for soil moisture, we assume a correlation between certain 
topographies and light interception, thereby influencing local temperatures. We hypothesized that 
higher temperatures may enhance the influence of soil pathogens, which tend to be more abundant 
(Martin & Loper, 1999) and virulent (Reynolds et al., 2003) in warmer soils. Contrary to this expectation, 
no patterns emerged across species. Although we did not find strong evidence of this using topographic 
proxies, it is important to note that temperature may also be correlated with soil moisture levels due to 
evaporative demand. The contribution of soil moisture and temperature to recruitment patterns is likely 
complicated, rendering observational studies insufficient for observing important signals. More explicit 
soil moisture and temperature measurements in observational studies, or experimental work, would be 
helpful in contributing to our understanding of abiotically modulated CNDD effects. 
For 5 species, the interaction between the biotic neighborhood and soil fertility indicates that 
sapling density decreases under increasing adult conspecific density, particularly when soil resources are 
low. This finding refutes our hypothesis that higher soil fertility may lead to enhanced CNDD through an 
increase in pathogen or herbivore activity. Our hypothesis came from the understanding that higher soil 
resource levels may attract plant enemies indirectly by shunting resources to photosynthesis rather to 
chemical or structural defense (Hanley et al., 2007; Hay et al., 1994). One study (LaManna et al. 2016) 
has explicitly tested this hypothesis and found evidence of its importance in temperate tree recruitment. 
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It is possible that the complexity of this phenomenon led to these contradicting results. For example, 
when provided with greater soil nutrient resources, it is possible that while experiencing greater activity 
of enemies, saplings may be able to replace damaged tissues faster, thereby diminishing or negating 
effects of CNDD. It is also possible that sapling response to conspecifics is non-linear across a soil fertility 
gradient, as predicted by the growth-differentiation balance hypothesis (D. A. Herms & Mattson, 1992). 
Saplings may benefit from higher soil resources when the resources are relatively low, but at a certain 
point excess soil resources becomes a detriment as plant enemies increase in abundance. Furthermore, 
the degree to which different tree species respond to increased soil nutrient resources likely varies, 
adding to the complexity of sapling response to variations in soil nutrients and pathogen load. To more 
directly test these responses, we need studies with a greater variation in soil nutrients and more direct 
measures of enemy impact. This would allow us to observe a potential parabolic response of sapling 
density, growth, or survival to increasing levels of soil nutrients and correlate those results with enemy 
abundance.  
We did not find strong effects of soil texture as a modifier of conspecific effects on saplings. We 
assumed a correlation between soil texture and soil nutrient resources and moisture. Sandier soils may 
be drier with fewer nutrients, potentially affecting soil pathogen load and the tree’s ability to replace 
lost tissue. The absence of any strong species-specific effects could indicate an imperfect correlation 
between soil texture and any variables related to pathogen activity or abundance. No one to our 
knowledge has specifically tested whether soil texture can influence patterns of CNDD, so it remains 
unclear whether intraspecific and differential CNDD occurs across a soil texture gradient.  
Many ecological processes other than conspecific density dependent recruitment may lead to 
patterns observed in the current study. Extreme windthrow events lead to the appearance of canopy 
gaps in forests, which create temporary patches of higher light availability and nutrient access to stems 
left surviving in the gap. Changes in local environmental conditions within canopy gaps may also lead to 
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temporary refuge of stems from soil pathogens (Reinhart et al., 2010). Certain trees are good 
competitors in gap environments, such as shade intolerant, fast-growing species like L. tulipifera or L. 
styraciflua. It is possible that canopy gaps within study plots lead to high densities of new recruits that 
are good high-light competitors. These same species would not be as competitive – and thus not found 
in high densities – in the intact (shaded) areas surrounding the gap. Adult trees, including the high-light 
competitor species, would not be found within newly formed gaps, creating a spatial separation 
between recruits and adults for these shade intolerant species. This could lead to the same spatial 
signature as CNDD, even though the mechanism of the two processes differ. But it is not likely that this 
caused bias in our results. In our analysis, we compared the effect of conspecific vs. total adult basal 
area, both of which would be negatively correlated with the creation of a new canopy gap. Thus, high 
recruit densities of shade intolerant species would be paired with low densities of both conspecific and 
heterospecific basal areas. We would not interpret such a result as a pattern indicative of CNDD.  
One possible scenario that could lead to an inaccurate finding of CNDD might occur for shade 
intolerant species that frequently cause canopy gaps because their low wood density leads to a greater 
probability of death from windthrow events. We might address this issue by investigating observed 
interspecific patterns of CNDD to determine whether shade intolerant species are more likely to show 
spatial patterns of CNDD. However, shade intolerant species may be more susceptible to CNDD because 
they prioritize fast growth over tissue defense; therefore, it would not be possible to tease apart CNDD 
vs. canopy gap dynamics simply by comparing the number of shade intolerant vs. shade tolerant species 
showing patterns that we are interpreting as CNDD. However, it is notable that other studies have found 
the same patterns of CNDD in some of the shade intolerant species as the current study (L. tulipifera and 
L. syraciflua), regardless of difference in the response variable used to quantify CNDD (Johnson et al., 
2014; Sarah McCarthy-Neumann & Ibanez, 2013). Furthermore, several of the species showing CNDD 
are not considered early successional species (e.g., Q. velutina, Q. rubra, Carya ovata).  
67 
 
Aside from canopy gaps, another possible process that could mimic CNDD is secondary forest 
succession. As a forest ages, the early successional, shade intolerant species that dominated the 
younger forest stand begin to thin in the canopy with age-related mortality. Recruits of the same species 
do not survive in high densities in shaded environments, such as an aging forest stand with a closing 
canopy. We removed plots undergoing early successional stages from the data set before analysis. 
However, early successional species can survive in forest canopies for centuries, making it possible to 
detect successional dynamics as CNDD. The species exhibiting CNDD in the current study represent a mix 
of early- and late-successional species, indicating that although succession may yield inaccurate patterns 
of CNDD for some species, successional dynamics cannot fully explain our results.  
A demographic process occurring in eastern U.S. forests is mesophication, wherein chronic fire 
suppression by humans leads to lower densities of fire-tolerant but shade intolerant species (e.g., 
Quercus spp., R. pseudoacacia, Pinus taeda, Sassafras albidum) and higher densities of fire-sensitive 
species (e.g., Fagus grandifolia, Acer rubrum). For example, plots with existing Quercus adults would not 
likely have high densities of conspecific saplings, which have reduced competitive abilities under fire 
suppression, thereby mimicking CNDD. It is possible that mesophication is in part responsible for the 
recruitment patterns observed in our study; however, many of the species showing evidence of CNDD in 
our study are fire-sensitive (e.g., Prunus serotina, Betula lenta, L. tulipifera, L. styraciflua), indicating that 
mesophication could not be the only explanation for these patterns. 
Across CNDD studies, a variety of response variables have been used to test recruitment 
patterns. Measuring seedling or sapling growth and survival over time are measures that would most 
explicitly capture the temporal pattern of CNDD. Most of our vegetation plots have not been re-
sampled, so we chose to use the static measure of sapling density at one point in time. The use of large 
datasets often means a lack of temporal information, so it is important to consider the capacity for static 
measurements to capture CNDD accurately. This response variable may increase the difficulty in 
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detecting signals of CNDD across a large dataset, although others have shown that relative abundance of 
a species can be related to the strength of CNDD (Mangan et al., 2010; Bever, 2003; Chisholm & Muller-
Landau, 2011). It is important to use large datasets to test broad-scale patterns of CNDD, which 
represents a gap in our knowledge of this important recruitment process. 
Conclusion 
We found evidence of an environmentally mediated modification of the magnitude and 
direction of conspecific density dependence that varied across tree species. Our results highlight the 
importance of local-scale environmental conditions in their influence on patterns of density-dependent 
recruitment. Therefore, it may be important to acknowledge a study site’s abiotic conditions while 
interpreting results of CNDD studies. More specifically, results of this study imply that elevation and soil 
fertility may influence the magnitude of conspecific density dependence in certain tree species. This 
observation emphasizes the complexity of conspecific density dependence and paves the way for 






TABLE 4.1: Description of Bayesian negative binomial models 
Model Description Sapling plot count =  
1 Main effects 
αS + β1 x ELEV + β2 x STE + β3 x EAST + β4 x NOR + β5 x FERT + β6 x TEXT + 
β7,S x BATOT + β8,S x BACON 
2 






αS + β1 x ELEV + β2 x STE + β3 x EAST + β4 x NOR + β5 x FERT + β6 x TEXT + 
β7,S x BATOT + β8,S x BACON +  
 
β9 x BATOT:ELEV + β10 x BACON:ELEV + β11 x BATOT:STE + β12 x BACON:STE + 
β13 x BATOT:EAST + β14 x BACON:EAST + β15 x BATOT:NOR + β16 x BACON:NOR + 
β17 x BATOT:FERT + β18 x BACON:FERT + β19 x BATOT:TEXT + β20 x BACON:TEXT 
3 







αS + β1 x ELEV + β2 x STE + β3 x EAST + β4 x NOR + β5 x FERT + β6 x TEXT + 
β7,S x BATOT + β8,S x BACON +  
 
β21,S x BATOT:ELEV + β22,S x BACON:ELEV + β23,S x BATOT:STE + β24,S x 
BACON:STE + β25,S x BATOT:EAST + β26,S x BACON:EAST + β27,S x BATOT:NOR + 
β28,S x BACON:NOR + β29,S x BATOT:FERT + β30,S x BACON:FERT + β31,S x 
BATOT:TEXT + β32,S x BACON:TEXT 
4 











αS + β1 x ELEV + β2 x STE + β3 x EAST + β4 x NOR + β5 x FERT + β6 x TEXT + 
β7,S x BATOT + β8,S x BACON +  
 
β9 x BATOT:ELEV + β10 x BACON:ELEV + β11 x BATOT:STE + β12 x BACON:STE + 
β13 x BATOT:EAST + β14 x BACON:EAST + β15 x BATOT:NOR + β16 x BACON:NOR + 
β17 x BATOT:FERT + β18 x BACON:FERT + β19 x BATOT:TEXT + β20 x BACON:TEXT 
+ 
 
β21,S x BATOT:ELEV + β22,S x BACON:ELEV + β23,S x BATOT:STE + β24,S x 
BACON:STE + β25,S x BATOT:EAST + β26,S x BACON:EAST + β27,S x BATOT:NOR + 
β28,S x BACON:NOR + β29,S x BATOT:FERT + β30,S x BACON:FERT + β31,S x 
BATOT:TEXT + β32,S x BACON:TEXT 
 
Negative binomial model descriptions. Betas with “<number>,S” subscripts indicate a term that has 
varying slopes for each species. All intercepts (alphas) vary by species, as indicated by the “S” subscript. 
Terms: ELEV = Elevation; STE = Slope steepness; EAST = East-West directionality; NOR = North-South 
directionality; FERT = first axis of soil PCA (i.e., fertility); TEXT = second axis of soil PCA (i.e., texture); 




TABLE 4.2: Results of model selection 
Model elpd Δ elpd SE of Δ elpd 
1 -15938.2 -69.7 19.8 
2 -15916.5 -48.0 16.0 
3 -15870.6 -2.1 5.2 
4 -15868.5 0 0 
 
Negative binomial models with sapling count as the response variable (count per species per plot), in 
order of increasing complexity. Parameters were estimated using a Bayesian approach, and model 
selection was performed using K-fold cross-validation. Expected log pointwise predictive density (elpd) 
values are higher for models better at prediction using a “new” data set. Delta-elpd indicates the 
magnitude of the difference in elpd between each model and the best-performing model. Standard 
errors (SE) of the differences in elpds between models should be smaller than the difference in elpd, 




Figure 4.1: Mapped values of environmental predictors 
 
Mapped values of environmental predictor variables across extent of data set (North Carolina and South 
Carolina, USA). Each point represents a single plot, with colors representing the value of the 
environmental measurement relative to other plots.
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Figure 4.2: Species-specific summary of conspecific effects 
 
Intraspecific patterns of conspecific density dependence for main effects (conspecific vs. total basal area 
comparison) and all environmental interactions with the main effects. Negative effects (i.e., CNDD) 
imply reduced sapling densities when conspecific adult density is high, more so than when total basal 
area is high. We label combinations of species and predictors that have a probability of difference 
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between conspecific and total basal area effects greater than 60% (light colors) or greater than 85% 
(dark colors). We calculated the probability that the conspecific basal area effect was lower than the 
2.5% percentile of the total basal area effect (if the conspecific effect was lower than the total basal area 
effect; colored in red or pink), or the probability that the total basal area effect was lower than the 2.5% 
percentile of the conspecific effect (if the total basal area effect was lower than the conspecific effect, 




CHAPTER 5: CONCLUSION 
The impetus for work on conspecific negative density dependence (CNDD) lies in the fact that 
local-scale (<20m) biotic interactions can lead to general patterns of tree recruitment (such as specific 
spatial distributions of stems; see Shen, Wiegand, Mi, & He, 2013), forest demography (Fricke & Wright, 
2017), forest structure (Kuang et al., 2017), community composition (Mordecai, 2011) and the 
maintenance of tree diversity (Bagchi et al., 2014). I found evidence of CNDD in re-surveyed mapped 
forest plots in the Piedmont of North Carolina, as well as single-survey vegetation plots across the 
Carolinas. I looked at static spatial patterns, focusing on distances between stems of saplings and 
established adult trees (Chapter 2). I was able to see dynamic evidence of these patterns by looking at 
re-surveys of the mapped forest plots, which allowed me to use growth and survival rate measurements 
(Chapters 2 and 3). Finally, I detected CNDD by using static sapling densities and correlating them with 
conspecific and heterospecific adult densities (Chapter 4).  
It was notable from my research and that of others that most focal species in a study did not 
show evidence of CNDD. Cross-study comparison of CNDD susceptibility on a species-level basis is 
challenging because studies take place across wide geographic ranges, rendering their focal species 
different. Taking a plant trait approach, it is possible to compare results among studies, where different 
species may take on similar traits. Furthermore, certain plant traits are known to be correlated with 
tissue defense (Agrawal & Fishbein, 2006; Coley & Barone, 1996; Hanley et al., 2007), a characteristic 
that is directly related to the occurrence and magnitude of CNDD (Kobe & Vriesendorp, 2011). Finding 
that shade intolerant species or arbuscular mycorrhizal species are more susceptible to CNDD means 
that these findings, although realized through studies of Piedmont forests in the Carolinas (Chapter 2), 
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can be applied to temperate, or even tropical, forest stands in other regions of the globe. Indeed, the 
results of Chapter 2 correspond with those of multiple studies that use temperate or tropical forest 
species (Bennett et al., 2017; S McCarthy-Neumann & Kobe, 2008).  
Many of the plant traits used as predictors of CNDD susceptibility are “high-level” traits, such 
that the trait is composed of multiple lower-level traits that more directly relate to tissue defense. For 
example, the shade tolerance of a species is composed of a variety of characteristics, including wood 
density, leaf lamina thickness, leaf longevity, and secondary metabolite production, all of which 
correlate with the ability of the species to avoid tissue damage from enemies (Kitajima & Poorter, 2010). 
Thus, while we have seen some degree of success in using high-level traits to predict CNDD susceptibility 
(e.g., Chapter 2), using lower-level traits may more accurately pinpoint which physiological 
characteristics are more important in determining recruitment patterns. Although these traits may be 
expensive and time-consuming to collect, it is becoming increasingly possible to download a variety of 
high-level and low-level plant traits from publicly available data repositories such as TRY (Kattge et al., 
2011) and BIEN (Enquist et al., 2016). A next step in this field is to identify lower-level plant traits that 
best predict CNDD susceptibility.  
While attempting to compare interspecific CNDD results between different studies, I observed 
that few species show consistent patterns of CNDD across studies. For example, even though Quercus 
rubra shows evidence of CNDD in some studies (Chapter 4) (K. Zhu et al., 2015), it does not show this 
pattern in another study (Comita et al., 2014a), and even exhibits different patterns within the same 
study (LaManna et al., 2016; Sarah McCarthy-Neumann & Ibanez, 2013). Notable across studies are 
differences in observational or experimental approaches, which can lead to studies focusing on different 
aspects of CNDD. Static spatial patterns of saplings may indicate processes occurring at the seed or 
seedling stage (Ramage et al., 2017), whereas focusing on growth rates or survival of saplings directly 
measures the responses to their neighborhoods. Additionally, studies focus on different levels of 
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ontogeny, which can experience CNDD in different ways. Biotic filters may have a stronger survival 
effect on younger life stages, such as seeds and seedlings (Johnson et al., 2014; LaManna et al., 2016; K. 
Zhu et al., 2015). Thus, one study addressing CNDD in seedling survival may show strong evidence of this 
pattern, whereas another study focused on sapling survival of the same species may not show evidence 
of CNDD. Sapling growth rate may be more responsive to the biotic neighborhood than sapling survival 
(Ramage et al., 2017), affecting forest demography in ways that are more challenging to predict. Even if 
conspecifics do not induce death in the sapling stage, reduction in growth for some species, more so 
than other species, could lead to interspecific differences in the time it takes for individuals to reach 
maturity or the forest canopy, affecting future forest structure and composition (Fricke & Wright, 2017). 
An important next step in this field is to determine the long-term effects that growth-modifying CNDD 
has on forest structure, composition and diversity.  
Another reason for discrepancies in cross-study comparisons of interspecific susceptibility to 
CNDD may be that the environmental context affects the degree to which a species is influenced by 
conspecifics (Chapters 3 and 4) (Florianová & Münzbergová, 2018; LaManna et al., 2016). For example, 
we may expect enhanced effects of CNDD with high levels of soil moisture, with the understanding that 
pathogen density and virulence can be enhanced by high soil moisture (Martin & Loper, 1999; Velásquez 
et al., 2018). To test this hypothesis, I used topographic measures as proxies for soil moisture (slope 
steepness, North-South directionality, and East-West directionality; Chapter 4). I did not find strong 
evidence that the soil moisture proxies influenced sapling density; however, the signal may be difficult 
to detect with proxies that are not highly correlated with soil moisture. Using an experimental approach, 
we could test for variation in CNDD using different soil moisture levels in a greenhouse study to 
explicitly test this hypothesis. Using an observational approach, we could measure soil moisture across 
mapped forest plots. Similarly, experimental manipulations of temperature (either in situ or in a 
greenhouse) could help us understand the effect that temperature has on recruitment patterns. 
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Aside from environmentally mediated CNDD, it is also possible for intraspecific patterns of CNDD 
to emerge within the stand level as a result of intraspecific trait plasticity (X. Liu et al., 2015). If a species 
has high trait plasticity, some individuals may be more susceptible to conspecifics than others based on 
genetic differences. If this is the case, trait-based CNDD research must measure traits on individuals 
rather than naively assigning a trait measure to all individuals of the same species. A next step in this 
field of inquiry is to measure plant traits at the individual level to better address the relative importance 
of trait plasticity vs. the environmental context in causing intraspecific variation in CNDD.  
It is important to remember that the response variable used in Chapter 4 is a static measure of 
sapling density, which may not be as indicative of CNDD processes as dynamic patterns (i.e., sapling 
growth or survival rates). A lofty but important goal for this field is to accumulate data sets across a 
broad geographic region where individuals are tracked over time. With this information, we could 
determine more accurately whether and how CNDD influences tree recruitment patterns across a 
variety of environmental conditions. 
One of the shortcomings of my dissertation work is that I did not directly measure pathogen 
dynamics or mycorrhizal infection. Instead, I assumed pathogens to be the primary driver of any 
observed conspecific effects, and I assigned a mycorrhizal type based on species identity rather than 
measuring the extent of mycorrhizal coverage on sapling roots. A more explicit approach for 
determining the importance of various predictors on CNDD could produce stronger signals, allowing us 
to look for more subtle nuances in how CNDD can be modified by pathogen infection or mycorrhizal 
association. The field of CNDD should be moving forward to better understand differential CNDD by 
combining more explicit environmental measures with the extent and identity of soil pathogens and the 
extent and identity of mycorrhizal association. Once these factors are better quantified, we can then 
look for interactions between soil microenvironments and pathogen and mycorrhizal dynamics, leading 
to better predictions of the effect of CNDD on forest dynamics. 
78 
 
APPENDIX A: CHAPTER 2 SUPPLEMENTARY MATERIAL 
Table A.1: Stem data for six mapped forest plots 
 Plot 
name 
Soil type Survey year Plot area (ha) Stem count (#) 
Stem density 
(#/ha) 
MFP 12 Upland Basic 1990, 1997 2.04 5641, 6712 2765, 3290 
MFP 13 Upland Acidic 1989, 1997 1.96 4316, 5015 2202, 2559 
MFP 14* Bottomland 1990, 1997 2.38 8861, 10,019 3731, 4219 
MFP 91 Upland Acidic 1991, 1998 0.53 921, 884 1754, 1684 
MFP 93 Upland Acidic 1991, 1998 1.5 4863, 4663 2507, 2404 
MFP 97 Upland Basic 1990, 1998 6.55 8946, 11,953 1365, 1824 
 
Stem data on mapped forest plots (MFP), including major soil type, survey years, plot area, number of 
stems, and stem density of both survey years used for the current study. Plot locations include North 
Carolina Botanical Garden land (indicated by * after plot name) and Duke Forest. Stems recorded were ≥ 














pattern for species 
Acer rubrum 2-5m 12 6.85 0.086 Random 





Plot 97: aggregated 
  13 0.24 0.200 Random 
  91 1.45 0.143 Random 
  93 0.97 0.054 Random 
  97 0.78 0.239 Random 
 6-9m 12 3.98 0.622 Random 
  13 0.24 0.164 Random 
  91 1.59 0.093 Random 
  93 0.50 0.249 Random 
  97 0.93 0.056 Random 
 
10-
13m 12 2.38 0.876 Random 
  13 0.16 0.496 Random 
  91 1.82 0.042 Over-dispersed 
  93 0.39 0.364 Random 
  97 1.28 0.027 Aggregated 
 
14-
17m 12 3.13 0.463 Random 
  13 0.18 0.454 Random 
  91 2.27 0.008 Over-dispersed 
  93 0.23 0.629 Random 
  97 1.76 0.001 Aggregated 
Carpinus 2-5m 97 4.64 0.001 Aggregated 
Aggregated 
caroliniana 6-9m 97 5.43 0.027 Aggregated 
 
10-
13m 97 7.20 0.003 Aggregated 
 
14-
17m 97 6.52 0.015 Aggregated 
Carya ovata 2-5m 12 1.13 0.409 Random 
Over-dispersed 
  14 2.32 0.878 Random 
 6-9m 12 0.94 0.603 Random 
  14 4.65 0.284 Random 
 
10-
13m 12 0.67 0.722 Random 
  14 6.86 0.022 Over-dispersed 
 
14-
17m 12 1.06 0.514 Random 
  14 6.90 0.008 Over-dispersed 
Cercis 2-5m 12 2.21 0.067 Random Aggregated 
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canadensis  97 2.16 0.225 Random 
 6-9m 12 3.58 0.001 Aggregated 
  97 2.53 0.231 Random 
 
10-
13m 12 3.05 0.006 Aggregated 
  97 2.26 0.289 Random 
 
14-
17m 12 2.25 0.035 Aggregated 
  97 1.73 0.396 Random 
Cornus florida 2-5m 13 0.97 0.034 Aggregated 
Aggregated 
  93 0.76 0.010 Aggregated 
  97 0.43 0.043 Aggregated 
 6-9m 13 1.22 0.043 Aggregated 
  93 0.67 0.079 Random 
  97 0.65 0.004 Aggregated 
 
10-
13m 13 1.45 0.001 Aggregated 
  93 0.66 0.022 Aggregated 
  97 0.82 0.001 Aggregated 
 
14-
17m 13 1.25 0.010 Aggregated 
  93 0.36 0.195 Random 
  97 0.74 0.001 Aggregated 
Fagus 2-5m 97 3.90 0.012 Aggregated 
Aggregated 
grandifolia 6-9m 97 2.34 0.029 Aggregated 
 
10-
13m 97 1.13 0.407 Random 
 
14-
17m 97 1.40 0.183 Random 
Fraxinus spp. 2-5m 12 0.63 0.065 Random 
Over-dispersed 
  93 2.03 0.628 Random 
 6-9m 12 0.56 0.032 Over-dispersed 
  93 4.29 0.373 Random 
 
10-
13m 12 0.18 0.771 Random 
  93 4.95 0.334 Random 
 
14-
17m 12 0.19 0.745 Random 
  93 5.39 0.198 Random 
Ilex decidua 2-5m 14 1.82 0.045 Aggregated 
Aggregated  6-9m 14 1.18 0.246 Random 
 
10-





17m 14 0.84 0.547 Random 
Juniperus 2-5m 12 0.27 0.953 Random 
Random 
virginiana 6-9m 12 0.81 0.098 Random 
 
10-
13m 12 0.48 0.453 Random 
 
14-
17m 12 0.30 0.712 Random 
Liquidambar 2-5m 14 1.60 0.096 Random 
Over-dispersed 
styraciflua  97 2.24 0.004 Over-dispersed 
 6-9m 14 2.02 0.055 Over-dispersed 
  97 3.22 0.001 Over-dispersed 
 
10-
13m 14 1.22 0.155 Random 
  97 3.38 0.007 Over-dispersed 
 
14-
17m 14 0.26 0.922 Random 
  97 3.24 0.005 Over-dispersed 
Liriodendron 2-5m 97 1.84 0.073 Random 
Random 
tulipifera 6-9m 97 1.17 0.262 Random 
 
10-
13m 97 0.81 0.454 Random 
 
14-
17m 97 1.27 0.122 Random 
Nyssa 2-5m 13 3.55 0.093 Random 
Aggregated 
sylvatica  97 2.66 0.142 Random 
 6-9m 13 6.52 0.000 Aggregated 
  97 3.09 0.011 Aggregated 
 
10-
13m 13 5.34 0.035 Aggregated 
  97 3.30 0.011 Aggregated 
 
14-
17m 13 4.31 0.199 Random 
  97 3.00 0.008 Aggregated 
Oxydendrum  2-5m 13 1.91 0.002 Aggregated 
Aggregated 
arboreum  91 0.71 0.038 Aggregated 
  97 1.37 0.429 Random 
 6-9m 13 1.16 0.080 Random 
  91 0.24 0.719 Random 
  97 1.80 0.253 Random 
 
10-
13m 13 0.83 0.208 Random 
  91 0.47 0.098 Random 





17m 13 0.43 0.531 Random 
  91 0.52 0.052 Aggregated 
  97 2.04 0.186 Random 
Quercus alba 2-5m 12 0.46 0.323 Random 
Random 
 6-9m 12 0.25 0.704 Random 
 
10-
13m 12 0.25 0.525 Random 
 
14-
17m 12 0.35 0.239 Random 
Ulmus alata 2-5m 14 0.42 0.349 Random 
Over-dispersed 
 6-9m 14 0.30 0.394 Random 
 
10-
13m 14 0.42 0.042 Over-dispersed 
 
14-
17m 14 0.22 0.474 Random 
 
Maximum Absolute Deviance (MAD) test results for each species and spatial scale within each plot. The 
MAD test statistic and p-value indicate whether a spatial pattern is significant (i.e., either aggregated or 
over-dispersed); spatial patterns with p-values greater than 0.05 are considered random. We 
determined whether a significant spatial pattern was aggregated or over-dispersed by inspecting 
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Acer rubrum - Nyssa biflora - (Liquidambar styraciflua, Fraxinus sp.) Maritime Swamp 
Forest 
19 
Acer rubrum var. rubrum - Betula (alleghaniensis, lenta) - Magnolia fraseri / 
(Rhododendron maximum, Kalmia latifolia) Forest 
86 
Aesculus flava - Acer saccharum - (Fraxinus americana, Tilia americana var. heterophylla) 
/ Hydrophyllum canadense - Solidago flexicaulis Forest 
232 
Aesculus flava - Betula alleghaniensis - Acer saccharum / Acer spicatum / Caulophyllum 
thalictroides - Actaea podocarpa Forest 
87 
Betula alleghaniensis - (Tsuga canadensis) / Rhododendron maximum / (Leucothoe 
fontanesiana) Forest 
71 
Betula alleghaniensis - Fagus grandifolia - Aesculus flava / Viburnum lantanoides / 
Eurybia chlorolepis - Dryopteris intermedia Forest 
133 
Betula alleghaniensis - Tilia americana var. heterophylla / Acer spicatum / Ribes 
cynosbati / Dryopteris marginalis Forest 
46 
Betula alleghaniensis / Ribes glandulosum / Polypodium appalachianum Forest 27 
Betula nigra - Platanus occidentalis / Alnus serrulata / Boehmeria cylindrica Forest 5 
Betula nigra - Quercus laurifolia - Taxodium (distichum, ascendens) / Crataegus aestivalis 
Forest 
1 
Carya (glabra, alba) - Fraxinus americana - (Juniperus virginiana var. virginiana) 
Woodland 
126 
Carya cordiformis - Quercus pagoda - Quercus shumardii - Carya myristiciformis / Sabal 
minor - Cornus asperifolia Forest 
117 
Celtis laevigata - Fraxinus pennsylvanica - Acer negundo - (Juglans nigra) / Asimina triloba 
/ Carex grayi Forest 
83 
Fagus grandifolia - Acer barbatum / Asimina triloba / Toxicodendron radicans / Carex 
blanda Forest 
20 
Fagus grandifolia - Magnolia grandiflora / Ilex opaca - (Persea borbonia) / Mitchella 
repens Forest 
8 
Fagus grandifolia - Quercus alba - (Acer barbatum) / Mixed Herbs Forest 175 
Fagus grandifolia - Quercus alba - Liquidambar styraciflua / Magnolia grandiflora / Smilax 
pumila - Hexastylis arifolia Forest 
5 
Fagus grandifolia - Quercus nigra Forest 217 
Fagus grandifolia - Quercus rubra / Acer barbatum - Aesculus sylvatica / Actaea 
racemosa - Adiantum pedatum Forest 
380 
Fagus grandifolia - Quercus rubra / Cornus florida / Polystichum acrostichoides - 
Hexastylis virginica Forest 
401 
Fagus grandifolia / Carex pensylvanica - Ageratina altissima var. roanensis Forest 52 
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Fraxinus americana - Carya glabra / Symphoricarpos orbiculatus - Rhus aromatica / 
Piptochaetium avenaceum Woodland 
7 
Fraxinus pennsylvanica - Platanus occidentalis - Celtis laevigata / Chasmanthium 
latifolium Piedmont River Levee Forest 
367 
Fraxinus pennsylvanica - Quercus laurifolia - Quercus lyrata - Carya aquatica Forest 27 
Fraxinus pennsylvanica - Ulmus americana / Carpinus caroliniana / Boehmeria cylindrica 
Forest 
115 
Liquidambar styraciflua - Liriodendron tulipifera - (Platanus occidentalis) / Carpinus 
caroliniana - Halesia tetraptera / Amphicarpaea bracteata Forest 
5 
Liquidambar styraciflua - Liriodendron tulipifera / Lindera benzoin / Arisaema triphyllum 
Forest 
239 
Liquidambar styraciflua - Quercus (laurifolia, nigra) - (Pinus taeda) / Arundinaria gigantea 
/ Carex abscondita Forest 
7 
Liquidambar styraciflua - Quercus (phellos, nigra, alba) / Carpinus caroliniana Forest 298 
Liquidambar styraciflua / Persea palustris Forest 6 
Liriodendron tulipifera - Betula lenta - Tsuga canadensis / Rhododendron maximum 
Forest 
547 
Liriodendron tulipifera - Fraxinus americana - (Tilia americana, Aesculus flava) / Actaea 
racemosa - Laportea canadensis Forest 
644 
Liriodendron tulipifera - Tilia americana var. heterophylla - (Aesculus flava) / Actaea 
racemosa Forest 
331 
Nyssa biflora - Liquidambar styraciflua - Acer rubrum var. trilobum / Clethra alnifolia 
Forest 
32 
Nyssa biflora / Cephalanthus occidentalis - Leucothoe racemosa Forest 3 
Platanus occidentalis - Celtis laevigata - Fraxinus pennsylvanica / Lindera benzoin - Ilex 
decidua / Carex retroflexa Forest 
52 
Platanus occidentalis - Liriodendron tulipifera - Betula (alleghaniensis, lenta) / Alnus 
serrulata - Leucothoe fontanesiana Forest 
70 
Platanus occidentalis / Dichanthelium clandestinum - Festuca subverticillata Woodland 11 
Populus deltoides / Acer negundo / Boehmeria cylindrica Forest 15 
Quercus (prinus, coccinea) / Kalmia latifolia / (Galax urceolata, Gaultheria procumbens) 
Forest 
645 
Quercus alba - Carya alba / Oxydendrum arboreum - Ilex opaca / Gaylussacia frondosa - 
Symplocos tinctoria - Vaccinium stamineum Coastal Plain Forest 
208 
Quercus alba - Carya glabra - Carya alba / Aesculus pavia Forest 118 
Quercus alba - Carya glabra - Fraxinus americana / Acer leucoderme / Vitis rotundifolia 
Forest 
55 
Quercus alba - Quercus (rubra, prinus) / Rhododendron calendulaceum - Kalmia latifolia - 
(Gaylussacia ursina) Forest 
475 
Quercus alba - Quercus coccinea - Quercus falcata / Kalmia latifolia - Vaccinium pallidum 
Forest 
68 





Quercus alba - Quercus rubra - Carya alba / Cornus florida / Vaccinium stamineum / 
Desmodium nudiflorum Piedmont Forest 
581 
Quercus alba - Quercus rubra - Quercus prinus - Tilia americana var. caroliniana / Ostrya 
virginiana Forest 
139 
Quercus alba - Quercus rubra - Quercus prinus / Collinsonia canadensis - Podophyllum 
peltatum - Amphicarpaea bracteata Forest 
363 
Quercus alba - Quercus stellata - Carya carolinae-septentrionalis / Acer leucoderme - 
Cercis canadensis Forest 
215 
Quercus alba - Quercus velutina - Carya alba / Cornus florida / Chimaphila maculata 
Forest 
7 
Quercus alba / Kalmia latifolia Forest 24 
Quercus falcata - Pinus taeda - (Fagus grandifolia, Quercus nigra) / Persea palustris 
Maritime Forest 
45 
Quercus falcata - Quercus alba - Carya alba / Oxydendrum arboreum / Vaccinium 
stamineum Forest 
184 
Quercus falcata - Quercus stellata - Carya alba / Vaccinium spp. Coastal Plain Forest 9 
Quercus hemisphaerica - Magnolia grandiflora - Carya (glabra, pallida) / Vaccinium 
arboreum / Chasmanthium sessiliflorum Forest 
67 
Quercus laurifolia - Nyssa biflora / Clethra alnifolia - Leucothoe axillaris Forest 11 
Quercus laurifolia - Quercus lyrata / Carpinus caroliniana - Persea palustris / Vaccinium 
elliottii Forest 
37 
Quercus laurifolia - Quercus michauxii - Liquidambar styraciflua / Carpinus caroliniana 
Forest 
244 
Quercus lyrata - Carya aquatica Forest 29 
Quercus lyrata - Quercus laurifolia - Taxodium distichum / Saururus cernuus Forest 37 
Quercus michauxii - Quercus pagoda / Clethra alnifolia - Leucothoe axillaris Forest 63 
Quercus michauxii / Carpinus caroliniana - Ilex opaca / Leucothoe racemosa Forest 16 
Quercus pagoda - Carya cordiformis / Chasmanthium sessiliflorum - Verbesina virginica 
Forest 
21 
Quercus pagoda - Quercus michauxii - Quercus alba / Arundinaria gigantea ssp. tecta - 
Sabal minor / Chasmanthium laxum Forest 
15 
Quercus pagoda - Quercus phellos - Quercus lyrata - Quercus michauxii / Chasmanthium 
latifolium Forest 
228 
Quercus phellos - Quercus (alba, stellata) - Carya carolinae-septentrionalis Hardpan 
Forest 
29 
Quercus phellos - Quercus (michauxii, shumardii) - Fraxinus americana / (Quercus 
oglethorpensis) / Zephyranthes atamasca Gabbro Upland Depression Forest 
9 
Quercus phellos - Quercus alba - (Quercus michauxii) - Carya carolinae-septentrionalis 
Small Stream Forest 
16 
Quercus phellos - Quercus laurifolia - Nyssa biflora - Liquidambar styraciflua / 
Arundinaria gigantea ssp. tecta - Sabal minor Forest 
18 





Quercus prinus - Juniperus virginiana - (Pinus virginiana) / Philadelphus hirsutus - Celtis 
occidentalis Woodland 
15 
Quercus prinus - Pinus echinata / Vaccinium pallidum Piedmont Monadnock Forest 2 
Quercus prinus - Quercus alba / Oxydendrum arboreum / Vitis rotundifolia Forest 170 
Quercus prinus - Quercus rubra / Rhododendron maximum / Galax urceolata Forest 112 
Quercus prinus - Quercus stellata - Carya glabra / Vaccinium arboreum - Viburnum 
rufidulum Forest 
28 
Quercus rubra - Acer rubrum / Pyrularia pubera / Thelypteris noveboracensis Forest 104 
Quercus rubra - Fraxinus americana - Acer saccharum / Actaea racemosa - Caulophyllum 
thalictroides - Collinsonia canadensis Forest 
336 
Quercus rubra - Quercus alba - Carya glabra / Geranium maculatum Forest 10 
Quercus rubra - Quercus muehlenbergii / Hamamelis virginiana / Polymnia canadensis 
Forest 
20 
Quercus rubra - Quercus prinus - Magnolia (acuminata, fraseri) / Acer pensylvanicum 
Forest 
7 
Quercus rubra - Tilia americana var. heterophylla - (Halesia tetraptera var. monticola) / 
Collinsonia canadensis - Prosartes lanuginosa Forest 
161 
Quercus rubra / (Kalmia latifolia, Rhododendron catawbiense, Rhododendron maximum) 
/ Galax urceolata Forest 
72 
Quercus rubra / (Vaccinium simulatum, Rhododendron calendulaceum) / (Dennstaedtia 
punctilobula, Thelypteris noveboracensis) Forest 
366 
Quercus rubra / Carex pensylvanica - Ageratina altissima var. roanensis Forest 25 
Quercus rubra / Rhododendron catawbiense - Rhododendron arborescens Woodland 11 
Quercus shumardii - Quercus michauxii - Quercus nigra / Acer barbatum - Tilia americana 
var. heterophylla Forest 
27 
Quercus stellata - (Pinus echinata) / Schizachyrium scoparium - Symphyotrichum 
georgianum Woodland 
16 
Quercus stellata - (Quercus marilandica) / Gaylussacia frondosa Acidic Hardpan 
Woodland 
20 
Quercus stellata - Carya (carolinae-septentrionalis, glabra) - (Quercus marilandica) / 
Ulmus alata / (Schizachyrium scoparium, Piptochaetium avenaceum) Woodland 
149 
Quercus stellata - Carya carolinae-septentrionalis / Acer leucoderme / Piptochaetium 
avenaceum - Danthonia spicata Woodland 
72 
Quercus virginiana - (Pinus taeda) / (Sabal minor, Serenoa repens) Forest 2 
Quercus virginiana - Celtis laevigata - Tilia americana var. caroliniana / Aesculus pavia - 
Ilex vomitoria Forest 
6 
Quercus virginiana - Quercus pagoda - Magnolia grandiflora - Carya glabra / Ilex opaca 
Forest 
18 
Tilia americana var. heterophylla - Fraxinus americana - (Ulmus rubra) / Sanguinaria 
canadensis - (Aquilegia canadensis, Asplenium rhizophyllum) Forest 
148 
 
A list of the vegetation community types retained for analyses. Classification is based on the National 
Vegetation Classification system http://usnvc.org/. 
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Table B.2: All species names and their assigned species codes 
Species name Species code 
Acer floridanum Acfl 
Acer negundo Acne 
Acer pensylvanicum Acpe 
Acer rubrum Acru 
Acer saccharum Acsa 
Aesculus flava Aefl 
Asimina triloba Astr 
Betula alleghaniensis Beal 
Betula lenta Bele 
Carpinus caroliniana Cacr 
Carya cordiformis Caco 
Carya glabra Cagl 
Carya ovata Caov 
Carya tomentosa Cato 
Castanea dentata Cade 
Cercis canadensis Ceca 
Cornus florida Cofl 
Fagus grandifolia Fagr 
Fraxinus americana Fram 
Fraxinus pennsylvanica Frpe 
Halesia tetraptera Hate 
Hamamelis virginiana Havi 
Ilex decidua Ilde 
Ilex opaca Ilop 
Juniperus virginiana Juvi 
Kalmia latifolia Kala 
Lindera benzoin Libe 
Liquidambar styraciflua List 
Liriodendron tulipifera Litu 
Magnolia acuminata Maac 
Morus rubra Moru 
Nyssa sylvatica Nysy 
Ostrya virginiana Osvi 
88 
 
Oxydendrum arboreum Oxar 
Pinus strobus Pist 
Pinus taeda Pita 
Prunus serotina Prse 
Quercus alba Qual 
Quercus michauxii Qumich 
Quercus montana Qumo 
Quercus rubra Quru 
Quercus stellata Qust 
Quercus velutina Quve 
Rhododendron maximum Rhma 
Robinia pseudoacacia Rops 
Sassafras albidum Saal 
Tilia americana Tiam 
Tsuga canadensis Tscana 
Ulmus alata Ulal 





Table B.3: Importance of components of principal components analysis 
 
 
PC1 PC2 PC3 PC4 PC5 PC6 PC7 
Eigenvalue 5.6608 3.0178 2.5788 1.8335 1.02479 0.9458 0.80331 
Proportion explained 0.2979 0.1588 0.1357 0.0965 0.05394 0.04978 0.04228 
Cumulative 
proportion 
0.2979 0.4568 0.5925 0.689 0.74293 0.79271 0.83499 
        
 
PC8 PC9 PC10 PC11 PC12 PC13 
 
Eigenvalue 0.67038 0.53842 0.4244 0.39734 0.32579 0.29818 
 




0.87027 0.89861 0.92095 0.94186 0.95901 0.9747 
 
        
 
PC14 PC15 PC16 PC17 PC18 PC19 
 
Eigenvalue 0.2489 0.171119 0.027569 0.022212 0.007671 0.003204 
 










Table B.4: Importance of each soil variable on each principal components axis 
 PC1 PC2 PC3 PC4 PC5 PC6 
Organic 
matter 
0.048331 -1.40077 -1.8882 0.245219 -0.33764 0.327857 
% sand 0.48413 2.189944 -0.86061 0.641645 0.173585 0.104747 
% silt -0.23715 -2.18616 0.361872 -0.68058 -0.01088 -0.41073 
$ clay -0.56527 -1.14451 1.349596 -0.54015 -0.4074 0.463063 
pH -1.88709 1.116035 0.129814 -1.09092 0.287456 -0.01155 
Exchange 
capacity 
-2.15007 -0.3833 -0.26357 0.831083 -0.4534 -0.62441 
Base 
saturation 
-1.91043 1.102268 0.137782 -1.09335 0.267156 0.013083 
Calcium 
ppm 
-2.39934 0.190805 -0.35714 0.219419 -0.2341 -0.67569 
Magnesium 
ppm 
-2.33974 -0.00852 0.479973 0.151031 -0.16831 -0.03027 
Potassium 
ppm 
-1.48017 -0.63239 -1.11252 -0.37181 -0.50031 0.461343 
Sodium 
ppm 
-0.91031 0.112548 1.464944 0.938597 -1.07574 -0.3913 
Boron ppm -0.89601 -0.04823 -0.59847 0.990751 1.538479 0.162037 
Iron ppm 0.419571 -1.0067 0.776303 1.798173 0.52683 -0.11536 
Manganese 
ppm 
-1.84326 -0.33758 -0.0536 -0.71943 0.556404 0.40127 
Copper 
ppm 
-1.7975 -0.31596 0.186962 0.489731 0.182776 0.960483 
Zinc ppm -1.46807 -1.0814 -0.36178 0.640971 0.657269 0.182339 
Aluminum 
ppm 
0.753104 -0.94199 -1.80792 -0.55664 -0.39481 0.283434 
Ca:Mg ratio 
ppm 
-0.70785 0.274271 -1.59998 0.295989 -0.26101 -1.34192 





Table B.5: Bayesian priors used in the best-performing model. 
Prior Class Coefficient Group  
Slope 
  
normal(0, 1) Slope Elevation 
 
normal(0, 1) Slope pc1 
 
normal(0, 1) Slope pc2 
 
normal(0, 1) Slope plot_tree_BA 
 
normal(0, 1) Slope propCon 
 
normal(0, 1) Slope top1 
 
normal(0, 1) Slope top2 
 
normal(0, 1) Slope top3 
 






student_t(3, 0, 10) SD 
  
normal(1, 5) SD 
 
species 
normal(3, 10) SD Intercept species 
normal(1, 5) SD plot_tree_BA species 
normal(1, 5) SD plot_tree_BA:Elevation species 
normal(1, 5) SD plot_tree_BA:pc1 species 
normal(1, 5) SD plot_tree_BA:pc2 species 
normal(1, 5) SD plot_tree_BA:top1 species 
normal(1, 5) SD plot_tree_BA:top2 species 
normal(1, 5) SD plot_tree_BA:top3 species 
normal(1, 5) SD propCon species 
normal(1, 5) SD propCon:Elevation species 
normal(1, 5) SD propCon:pc1 species 
normal(1, 5) SD propCon:pc2 species 
normal(1, 5) SD propCon:top1 species 
normal(1, 5) SD propCon:top2 species 
normal(1, 5) SD propCon:top3 species 






Figure B.1: Biplot of first two axes of principal components analysis 
 
Results of principal components analysis, used to reduce dimensions of soil variables used in the 
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